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Abstract

Ligand Design in C-Functionalized Cobalt Cyclams for Hybrid
Photocatalytic CO2 Reduction
By
Ethan E. Jarvis
University of New Hampshire, December 2021

Global climate change is one of the most significant risks to both the planet and
all life on it. The largest contributor to this ever-growing threat is CO2 and its continued
emission into the atmosphere. As a result, many scientists are researching CO2 reduction
processes to help slow and potentially reverse the climate change by reducing the
atmospheric levels of CO2. Ideally, these reduction processes convert CO2 into useful
materials such as hydrocarbon-based fuels such as methanol or ethanol, which could also
help remove our dependence on finite natural energy resources. CO2 reduction is
challenging to do efficiently however, due to the inherent stability of the molecule which
requires a significant input of energy to overcome. Catalysis offers scientists a powerful
tool and the most alluring form of catalysis for this task is photocatalysis because it can
utilize the greatest untapped energy resource available, the sun.
Photocatalytic systems have been used extensively for CO2 reduction and other
environmentally relevant processes. Hybrid photocatalytic systems in particular possess
several advantages over both homogeneous and heterogeneous systems including the
high efficiency and selectivity of using a molecular catalyst, the stability of
xxix

heterogeneous photosensitizers, and increased stability of molecular catalysts resulting
from anchoring to the surface of a heterogeneous photosensitizer. The linkage between
the molecular catalyst and surface in hybrid systems has not been extensively explored
however, and the effect it has on interfacial electron transfer and catalysis is not well
understood. We hypothesize that certain structural features of the linker such as length,
flexibility or specific geometry will result in more efficient electron transfer from the
surface to the catalyst and increase photocatalytic activity.
To investigate the effects of these linkages, a series of hybrid photocatalytic
systems which use a well-studied molecular catalyst and heterogeneous photosensitizer is
needed. Modification of this molecular catalyst with linkers which vary in length,
flexibility and geometry will allow for the identification of beneficial linker features
during hybrid photocatalysis. One such catalyst which has been studied for photocatalytic
CO2 reduction is the cobalt cyclam complex. Synthetic modification of the cyclam ligand
is a challenging task that should require C-functionalization, because N-functionalization
is expected to disrupt the ligand inner coordination sphere thus altering catalytic activity.
This work describes our efforts to generate modified cobalt cyclam molecular
catalysts so that a series of hybrid photocatalytic systems may be tested to investigate the
effects of different linkers in hybrid photocatalytic CO2 reduction. Previous attempts to
generate cyclam ligands modified with alcohols and carboxylic acids were unsuccessful,
as these ligands were unsuitable for organic coupling to amine functionalized linkers.
Incorporation of larger modifications like p-nitro and p-bromo benzyl groups into the
cyclam ligand synthesis was also unsuccessful due to synthetic challenges encountered
during substitution of the modified biselectrophiles with protected 2,3,2-tetraamine.

xxx

Successful C-functionalization of cyclams employed a metal templated synthesis
with cobalt(II) acetate and 2,3,2-tetraamine followed by condensation with acetyl acetone
which yielded the cyclam like complex [CoIII(Me2[14]-1,4-diene-N4)Cl2]BF4. This ligand
framework was readily C-functionalized after ligand exchange with NaSCN,
deprotonation, and nucleophilic substitution with the resulting CoIII(-1)dieno-(NCS)2 onto
both benzyl bromide and 1-bromomethyl pyrene which function as anchors to carbon
nitride. Reduction to the ligand imines with NaBH4 proved challenging but yielded
[CoIII(Me2[14]-N4-6-benzyl)C2]Cl and a mixture of [CoIII(Me2[14]N4-3-(2methylpyrenyl)Cl2]Cl and [CoIII(Me2[14]4-ene-N4-3-(2-methylpyrenyl)Cl2]Cl.
Photocatalytic activity of [CoIII(Me2[14]-N4-6-benzyl)C2]Cl and the mixture of
[CoIII(Me2[14]N4-3-(2-methylpyrenyl)Cl2]Cl and [CoIII(Me2[14]4-ene-N4-3-(2methylpyrenyl)Cl2]Cl was investigated homogeneously with p-terphenyl and
heterogeneously anchoring to carbon nitride. Activity of both the benzyl-modified
catalyst and pyrenyl modified catalyst mixture with p-terphenyl was similar with a
TONCO of 27.5 and 28.9 for the pyrenyl and benzyl-modified catalysts, respectively. On
carbon nitride, these catalysts produced a TONCO < 1. The difference in activity between
the two catalysts was clear however, and the pyrenyl modified catalyst produced up to 6
times more CO than the benzyl-modified catalyst. This increased production of CO by
the pyrenyl modified catalyst is consistent with a higher anchoring affinity of the pyrene
moiety to the aromatic carbon nitride surface by π – π interactions. Measurable
differences between these hybrid photocatalytic systems which differed only in linker/
anchor demonstrated the success of this synthetic strategy for the investigation of linker
design with modified cobalt cyclam molecular catalysts.
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Chapter I. Introduction
1.0 Global Climate Change and Solar Fuels
Carbon dioxide (CO2) is an inert and potent greenhouse gas which is emitted into
the environment through industrial processes and carbon-based fuel usage on the scale of
40 billion tons per year globally (Gt/yr).1 This number has doubled from 20 Gt/yr since
the 1980’s leading to an increase in CO2 levels in the atmosphere which is widely
accepted to be the cause of global climate change. As a result, the global temperature has
increased by approximately 1.0 oC and without new legislation and means to mitigate
atmospheric CO2 levels this is projected to increase to 1.5 oC by as early as 2030 (Figure
1.1).1 This temperature increase would cause long-lasting and potentially irreversible
damage to the environment and to human civilization. With this in mind, researchers in
the fields of chemistry, physics, biology, engineering, and the social sciences from across
the globe are working towards the goal of reducing CO2 emissions and lowering
atmospheric CO2 levels.
Due to its stability, once CO2 has been released into the atmosphere it can only be
removed naturally by plants and algae through photosynthetic processes which have
failed to keep up with the current rate of anthropogenic CO2 emission. As a result, the
atmospheric concentration of CO2 has continued to increase unlike other greenhouse
gases, such as methane (CH4), which are much more reactive and break down relatively
quickly. The stability of CO2 is also the most difficult hurdle to overcome in the effort to
reduce its atmospheric concentration. The bulk of these efforts have therefore been
dedicated to
1

Figure 1.1: Recorded global temperature increase from 1960 – 2017 with predicted range
up to 2100 based on three scenarios described by the IPCC.1

research into the efficient conversion of CO2 through reduction processes into one of its
reduced forms, carbon monoxide (CO), formate (COOH-), and in some rare cases larger
organics like methanol (MeOH) and ethanol (EtOH). These compounds are more reactive
and potentially useful as carbon feedstocks for chemical processes or even as energy
dense fuels.2, 3
Processes for the conversion of CO2 to energy dense materials like MeOH or
EtOH are highly sought-after as they represent routes towards solar fuels which are a
class of chemical fuels generated synthetically with solar energy. These fuels are of
particular interest as a sustainable source of renewable energy. CO2 in this case represents
an abundant carbon feedstock for these fuels. Ideally, solar fuels are generated with little
to no energy input beyond the energy produced by sunlight. This energy is generated
through either solar energy conversion to electricity by solar cells, or through solar light

2

driven chemical reactions. However, due to the stability of CO2, its conversion by
reduction to useful materials like solar fuels is an energy intensive process, which can be
observed in the single electron reduction of CO2 to the radical species CO2• ‾ (Figure
1.2).4

Figure 1.2: Electrochemical reduction potential of CO2 to CO2• ‾ (1) and proton coupled
electrochemical reduction potentials of CO2 to CO (2), formate (3), formaldehyde (4),
methanol (5), and ethanol (6). All values Vs NHE.4

Reduction of CO2 to CO2• ‾ has a high thermodynamic energy barrier resulting
from the significant reorganization energy involved in the injection of an electron into
CO2’s anti-bonding π* orbital.5 This energy barrier causes the substantial thermodynamic
potential required for reduction to CO2• ‾, which occurs at -1.93 V vs normal hydrogen
electrode (NHE).6 Conversely, the thermodynamic potentials required for reduction to
CO and larger organic molecules like COOH‾, MeOH, EtOH or CH4 are much smaller
(Figure 1.2).4 These lower potentials are the result of coupling each multielectron
reduction with a requisite number of protons, which can help balance the required energy
input through the formation of energetically favorable bonds.5 However, the addition of
multiple protons and electrons to CO2 is not always simple, and appropriate steps must be
taken during the design of CO2 reduction systems to promote such reactivity.
3

The generation of solar fuels from CO2 is therefore an extremely difficult process,
and as a result the reduction of CO2 to CO is more commonly studied due to its relative
simplicity. In addition, the conversion of CO produced from energy efficient CO2
reduction processes to useful or energy dense molecules, such as MeOH, is seen as a
valuable pathway for industry and as a building block towards solar fuels. However,
efficient processes to produce CO from CO2 are still required and the subject of intense
study, as the relative simplicity of CO2 reduction to CO is by no means an easy task. To
overcome the high thermodynamic barriers for CO2 reduction, many chemists have
turned to catalysis, which function to lower the thermodynamic barrier of CO2 reduction.
The first way a CO2 reduction catalyst functions is by acting as an electron shuttle
to CO2 which is then typically reduced to the CO2• ‾ intermediate. This function is typical
of unmodified surface-based catalysts and is sometimes referred to as an outer-sphere
pathway in the case of electrocatalysts and molecular catalysts.7 However, catalysts
which function this way only provide a marginal benefit towards lowering the reduction
potential of CO2 when compared to the direct reduction of CO2 at the surface of an
electrode.7 In addition, the effectiveness of catalysts which function in the outer-sphere is
largely independent of structural changes to the catalyst itself, which can make catalysts
optimization difficult or impossible. 8 A more common function of a CO2 reduction
catalyst is to facilitate the chemical transformation of CO2 to an intermediate species with
a lower thermodynamic barrier of formation, sometimes referred to as an inner-sphere
pathway for electrocatalysts and molecular catalysts. This function more substantially
utilizes the chemistry and structural design of a catalysts and leads to greater changes in
the reduction potential of CO2.9
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Use of catalysts for CO2 reduction has been accomplished in a number of ways
including electrocatalysis and photocatalysis. Many of these catalysts take the form of
molecular complexes due to their tunability and the most common of which are transition
metal complexes. In recent years however the focus has been on the development of
transition metal complexes which utilize first-row transition metals over the second and
third row. These first-row transition metals are more abundant, cheaper to purchase, and
their use in catalysis is considered a more sustainable endeavor. As a result, catalysts
consisting of first-row transition metals or metal free catalyst systems will be the focus of
this discussion.

1.1 CO2 Reduction Catalysis
1.1.1. Electrocatalytic CO2 Reduction
In electrocatalytic systems for CO2 reduction, electrodes are utilized to introduce
electrons to an electrocatalyst in the presence of a source of protons (a Brønsted acid).
The reduced electrocatalyst then performs reduction by transferring this electron to CO2.
(Figure 1.3).10 Electrocatalysts can be separated into several categories including
homogeneous, heterogeneous, and hybrid catalysts. The later of these categories is
discussed later [1.2.2]. Homogeneous electrocatalysts are soluble molecular species
which

5

Figure 1.3: General Electrocatalytic CO2 reduction diagram.10

are neither part of the electrode or attached to it and generally offer good selectivity and
efficiency. Often however, these catalysts suffer from stability issues during prolonged
catalysis experiments.
Transition metal complexes are often used as homogeneous electrocatalysts and
can vary in structure and composition. Early success in the field of electrocatalytic CO2
reduction was found with [NiII(cyclam)]2+ complexes (cyclam = 1,4,8,11tetraazacyclotetradecane) (Figure 1.4). These complexes were observed to have high
selectivity for CO generation at reasonable overpotentials (-1.05 to -0.90 V vs NHE) and
Faradaic efficiencies (FEs) of up to 99%.11 A later study by the same group showed
[NiII(cyclam)]2+ complexes capable of turnover numbers (TONs) up to 8000 after 8 h in
controlled potential electrolysis (CPE) experiments, a result which became a benchmark
of the field.12

6

Figure 1.4: [NiII(cyclam)]2+ molecular catalysts structures.

Several recent examples of first-row transition metal complexes used as
homogeneous catalysts for electrocatalytic CO2 reduction are [FeII(qpy)]2+ and
[CoII(qpy)]2+ (qpy = 2,2':6',2":6",2"-quaterpyridine) complexes (Figure 1.5).13 These
catalysts were both highly selective for reducing CO2 to CO at low overpotentials (0.240
V (volts) and 0.140 V vs SCE (saturated calomel electrode) for Fe and Co respectively)
and had turnover frequencies (TOFs) of up to 33,000 when this potential was increased to
0.30 V.

Figure 1.5: Iron and cobalt qpy molecular catalysts.13

Heterogeneous electrocatalytic systems are common in the literature due to their
relative simplicity compared to homogeneous systems. These catalysts can be broken

7

down into either bulk materials like metal surfaces, or into nanomaterials such as metal
oxide nanoparticles or carbon-based materials like graphene or carbon nanotubes (CNTs).
These materials are used on the electrode surface or as the electrodes themselves and
boast a high degree of stability. In exchange, these materials often suffer from a lack of
selectivity, as the reduction of protons to H2 is often a competing reaction and multiple
CO2 reduction products are typically observed. A recent example of a heterogeneous
electrocatalysts includes a series of porous carbon electrocatalysts doped with nitrogen
and either iron (Fe-N-C) or nickel (Ni-N-C).14 Electrocatalysis performed with these
materials gave FEs for CO production of 85% (Fe-N-C) and 93% (Ni-N-C) at low
overpotentials of 0.360 V and 0.560 V vs reversible hydrogen electrode (RHE)
respectively (Figure 1.6).14

Figure 1.6: General structure of M-N-C (M = Fe, or Ni) electrocatalysts synthesized
from o-phenylenediamine complexation of doped metal and pyrolysis with SiO2
nanoparticle templates.14
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1.1.2. Photocatalytic CO2 Reduction
To offset the required energy input involved in electrocatalytic CO2 reduction,
many chemists have turned to photocatalysis. This form of catalysis capitalizes on the
most abundant energy resource the planet has to offer, the sun. The minimum amount of
salvageable energy from the sun that hits the earth every year (approximately 1600
exajoules (EJ)) is larger than the total global energy usage in 2020 (556.63 EJ).15,16
Photocatalytic systems can use this energy to drive chemical reactions by absorbing
photons. The benefit of photocatalysis compared to electrocatalysis is that photocatalytic
systems do not require an additional input of energy. Photocatalysis currently provides a
direct route towards an energy neutral CO2 reduction process and can form the basis for
sustainable solar fuels production.
Photocatalysts, like electrocatalysts, can be broken down into several categories
which include homogeneous, heterogeneous, and hybrid systems [1.2.3]. In homogeneous
or hybrid systems, light is absorbed by a photoactive species known as a photosensitizer
(PS). This absorption excites an electron to an excited state, and in redox catalysis, this
excited electron is transferred to the catalyst which performs reduction (Figure 1.7).17
Photo-generated holes at the photosensitizer are then replaced by use of a sacrificial
electron donor (SED) which is included in the catalysis solution. These systems, much
like homogeneous electrocatalytic systems, show some of the most efficient reduction of
CO2, but can also degrade relatively quickly under catalytic conditions.
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Figure 1.7: General photocatalytic CO2 reduction diagram. Where hv is wavelength, Eg is
the band gap, CB is the conduction band, VB is the valence band and SED is the
sacrificial electron donor. Figure reproduced from Wang et al.17

Recent examples of homogeneous photocatalysts for CO2 reduction include
Mn(bpy)(CO)3-4 (bpy = 2,2-bipyridine) complexes and a modified iron tetraphenyl
porphyrin (Fe-p-TMA) (Figure 1.8).18, 19 In the first example, a series of manganese
complexes were shown to reduce CO2 upon light irradiation in the presence of a
[Ru(dmb)2]2+ (dmb = tri-4'-dimethyl-2,2'-bpyridine) molecular PS. This reduction yielded
both CO and formic acid (HCO2H) with TONs of up to 21 and 130, respectively. The
preference for either reduction product was found to be solvent dependent. The Fe-pTMA complex on the other hand, was modified with trimethylamine groups which
induced light sensitization in the complex. This complex was then able to perform
photocatalytic CO2 reduction to CO in the absence of an added PS at a reasonable TON
of 101 after 102 h in a continuous experiment. Here Fe-p-TMA displayed not only the
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rare ability for first-row transition metal complexes to self-photosensitize, but also a great
deal of stability.

Figure 1.8: Mn(bpy)(CO)3CN CO2 reduction catalysts (left). Fe-p-TMA self-sensitizing
CO2 reduction photocatalyst (right).18

Heterogeneous photocatalysts for CO2 reduction consist mostly of photoactive
nanostructures such as semiconducting metal-oxide nanoparticles, carbonaceous
materials like graphene, carbon nitride (C3N4), or a combination of the two. These
materials are capable of absorbing photons of sufficient energy which promotes an
excited electron to the conduction band (CB) and an electron hole to the valence band
(VB). Excited electrons at the material surface are then transferred to and reduce CO2,
and the electron holes are filled by a SED. The energy required for this charge separation
is determined by the band structure of the photocatalysts in question. If a photon has
energy greater than the band gap (Eg) of a given material, an excited electron will be
produced. Semiconducting nanostructured materials are therefore favorable as
heterogeneous photocatalysts as the Eg of these materials are usually tunable.20
Like heterogeneous electrocatalysts, heterogeneous photocatalysts can suffer a
lack of selectivity but offer robust stability with low material costs. However, one
11

significant drawback of these semiconductor materials is encountered when the excited
electron relaxes back down to ground state, combining with the generated electron hole in
a process called recombination.21 This process is extremely favorable in particles of such
small sizes and as a result only about 5% of total charge separation events result in
successful redox processes.22
Successful approaches for heterogeneous photocatalytic CO2 reduction have been
reported with both TiO2/g-C3N4 and Cu/TiO2-x materials (Figure 1.9).23, 24 The former
photocatalyst was able to produce both CO and CH4 at a rate of 2.7 and 8.5 μmol/h/g,
respectively. However, these results required light irradiation far into the UV range (254
nm) and both CO and CH4 production were overshadowed by a large preference for H2 at
a rate of 40 μmol/h/g. The Cu/TiO2-x catalyst was able produce CO from CO2 using
simulated solar light at defect sites of the metal oxide surface but at a reduced rate of 1.1
μmol/h/g.

Figure 1.9: Heterogeneous TiO2/g-C3N4 photocatalyst diagram (Left).23 Heterogeneous
Cu/TiO2-x photocatalysts with mechanism of defect site CO2 activation (Right).24
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1.2 Hybrid Catalytic Systems for CO2 Reduction
1.2.1. Introduction
Hybrid catalytic systems for CO2 reduction account for some of the most recent
investigations by chemists due to their potential for efficient solar fuels generation. These
systems consist of a molecular catalyst which is anchored to a heterogeneous source of
exited electrons, a Brønsted acid, and for photocatalytic systems a SED (Figure 1.10).
Hybrid systems can be electrocatalytic, photocatalytic, or both (photoelectrocatalytic)
based on the electron source however the first two systems will the focus of this
discussion. Each system offers both the selectivity and efficiency of homogeneous
molecular catalysts with the stability of heterogeneous systems. In addition, anchoring
the molecular catalysts often offers an increase in electron transfer efficiency over
homogeneous systems, which leads to higher TONs for CO2 reduction products and
higher FE in hybrid systems vs homogeneous systems.

Figure 1.10: General diagram for hybrid catalytic systems.4
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Some studies have shown that these advantages only exists when systems are
truly hybrid with confirmed anchoring.25, 26 In one such study a clear increase in
photocatalytic CO2 reduction was observed when a [CoIII(cyclam)]3+ catalyst was
immobilized onto a TiO2 nanoparticle compared to experiments where the catalysts was
unbound (Figure 1.11).25 Similar results have been reported in a recent study in which a
coordinative interaction between a cobalt phthalocyanine catalyst and a pyridine modified
iridium PS resulted in an 11-fold improvement in quantum efficiency for selective CO2
reduction to CO over an analogous system without this interaction.26

Figure 1.11: Results of photocatalytic CO2 reduction using an anchored and a nonanchored [CoIII(cyclam)Cl2]+ molecular catalysts. Image supplied by Li et al.

1.2.2. Molecular Catalyst Anchoring Strategies
The choice of anchoring group affects the efficiency of electron transfer from
either the electrode or PS to the molecular catalyst and can have a large influence on the
14

overall efficiency of CO2 reduction in hybrid systems. The components of these
anchoring strategies can be separated into three parts, the molecular catalyst, the anchor,
and the linker (Figure 1.12). Selection of the molecular catalyst is largely dependent on
the desired chemistry and products of catalysis, however, the ligand framework of said
catalyst must also be capable of modifications to incorporate the components necessary
for anchoring. The mechanism of anchoring and anchor selection are dependent on the
choice of electrode or PS, as the chemistry of these surfaces or molecules can vary.
Lastly, the linker portion of hybrid photocatalytic systems is somewhat of a grey area and
the majority of hybrid catalytic studies put only a small amount of consideration into its
composition and design. Linker structure can also be vital however, and characteristics
like its length, flexibility, and conjugation can play a role in the outcome of catalysis.

Figure 1.12: Hybrid catalysts anchoring components diagram.4

In hybrid electrocatalytic systems, a molecular catalyst is immobilized onto the
surface of an electrode. Anchor selection is therefore dictated by the surface chemistry of
the electrode which are generally carbon-based materials like graphene, metals such as
platinum, or metal oxide materials such as TiO2. In hybrid photocatalytic systems, the
molecular catalyst is anchored to the surface of a PS. This includes metal oxide semi-
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conductors such as TiO2 nanoparticles, carbon-based materials like layered graphene
sheets, or quantum dots which can be either carbon-based graphitic materials or inorganic
transition metal-based materials. Non-photoactive or weakly light absorbing materials
can also be made photoactive by acting as a scaffold for both a molecular PS and the
molecular catalyst. These scaffolded systems are used in dye-sensitized photocatalysis
(DSP). Similar to catalysts immobilization on electrode materials, the choice of anchor in
photocatalytic systems is determined by the surface chemistry of the PS material.
For metal oxide surfaces, such as TiO2 nanoparticles or TiO2 modified electrodes,
many first-row transition metal complexes can be covalently anchored by an oxobridge.24 These oxo-bridges offer the shortest distance for electron transfer from the
metal oxide surface to the catalyst but are not always synthetically accessible, as the
molecular catalyst must have an open coordination site that is not also required for
substrate binding during catalytic turnover. Several other anchoring strategies have been
used for metal oxide materials and require the incorporation of functional groups
including carboxylate, siloxane, hydroxamate, acetylacetonate, or phosphonate groups
into the ligand of the molecular complex (Figure 1.13).28, 29, 30, 31 The effectiveness of
these surface anchoring motifs relies on factors like pH of the catalysis environment and
the specific chemistry at the metal oxide surface such as the surface structure and relative
acidity/basicity. Hydroximate and silatrane anchors, however, have been observed as
some of the most effective anchors in aqueous systems in terms of stability and electron
transfer efficiency.28, 29
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Figure 1.13: Common metal oxide anchoring groups, a) carboxylate, b) phosphonate, c)
siloxane, d) hydroxamate, e) acetylacetonate groups. Outlined schemes are considered the
most likely binding methods.4

Hybrid non-covalent anchoring methods have also been explored for both metal
oxide and carbon-based surfaces (Figure 1.4). These are used for greater surface control
while also extending synthetic flexibility of the system. This strategy involves the
covalent modification of a surface with functionalities designed to non-covalently bind
the molecular catalysts. This method has been used for anchoring pyrene-modified
Ferrocene to pyrene-modified indium-tin oxide (ITO) electrode surfaces through π – π
interactions.33 Covalent anchoring of macromolecules designed for non-covalent binding,
such as pillar[n]arenes, has been accomplished on multiple surfaces.34, 35 However, the
use of such host-guest interactions for catalysis is an emerging field and only a few
examples have been reported.36
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Figure 1.14: Hybrid non-covalent anchoring of pyrene-modified ferrocene to
electrodes.33

In carbonaceous photoactive or electrode materials like C3N4, graphene, glassy
carbon, and CNTs, both covalent and non-covalent anchoring strategies have been
implemented. Covalent anchors to these surfaces are robust but require functionalization
of the material at surface sp2 carbon sites which can damage the material properties or the
material itself. Surface functionalization is then followed by bond formation between
these sites and the molecular catalyst by chemical reaction. The reaction between the
surface and catalyst is therefore dependent on the method of surface functionalization
used. Functionalization of sp2 carbon surfaces has been accomplished several ways which
include oxidation to form carbonyl functional groups, reduction in the presence of
diazonium salts to form functionalized aromatic groups, and by Hassner addition of azide
salts to form surface azides (Figure 1.15).37, 38, 39, 40, 41 These methods can then be
followed up by amid/ester formation, further modification of surface aromatics to form
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carbonyls, amines, and alkynes, and by azide click chemistry respectively. 42, 43, 44, 45, 46, 47,
48

Figure 1.15: Surface functionalization of carbonaceous surfaces by, a) oxidation, b)
reduction with diazonium salts, c) cycloaddition, and d) azide grafting.4

Non-covalent anchoring to carbonaceous surfaces is a non-damaging alternative
and is often accomplished by modification of the molecular catalysts with a large
aromatic moiety. This moiety can then anchor the catalyst on the surface through π – π
interactions (Figure 1.16).49, 50 Of all the large aromatics available, pyrene is the most
commonly used moiety, as smaller aromatics like naphthalene have shown anchoring
interactions which are weaker than desired.51, 52, 53, 54, 55 Non-covalent anchoring has also
been achieved using hydrophobic interactions with modified polymer chains. These
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polymers are typically incorporated with either an added redox active species or a
molecular catalyst.56, 57

Figure 1.16: Non-covalent anchoring through π – π interactions.33

1.2.3. Hybrid Catalytic CO2 Reduction Systems
Hybrid electrocatalytic CO2 reduction has been accomplished numerous times on
both metal oxide and carbon-based electrode materials. Several studies have shown a
great deal of success using modified first-row transition metal macrocycles, such as
cobalt or iron porphyrins and phthalocyanins, when anchored to carbon-based electrodes
(Figure 1.17).58 For example, hybrid electrocatalytic CO2 reduction was reported using
Co-phthalocyanine complexes deposited non-covalently onto CNTs.59 At 3.5 wt%
catalyst loading, this system achieved nearly 100% FE for CO production with TOFs up
to 4.1s-1 at an overpotential of -0.63 V vs RHE. However, both FE and TOF dropped to
88% and 1.4s-1 respectively when the potential was lowered to -0.46 V. Notably, this
system outperformed more expensive catalysts including electrocatalytic CO2 reduction
using palladium nanoparticles by all measures (FE, TOF, and overpotential).60
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Figure 1.17: Porphyrin (left) and phthalocyanin (right) ligand structures (M = Fe or Co).

Hybrid systems for photocatalytic CO2 reduction are a more complicated area of
study than the analogous electrocatalytic systems. With hybrid electrocatalytic systems,
the ability to donate electrons to the molecular catalysts is often not a concern beyond
keeping the overpotential low, which is still by no means a simple issue. In hybrid
photocatalysis however, selection of PS and molecular catalysts is a delicate process, as
the PS must have a CB of sufficient energy to transfer an electron capable of reducing the
catalyst. CO2 reduction with first-row transition metal hybrid photocatalytic systems was
recently reported using an iron tetra(4-carboxylphenyl)porphyrin complex (FeTCPP)
non-covalently anchored to C3N4 nanosheets, and with a cobalt hematoporphyrin
complex covalently anchored to modified C3N4.61, 62
When deposited onto C3N4, FeTCPP was able to selectively produce CO from
CO2, up to 6.52 mmol/g after 6 h, under visible light irradiation (420 nm < λ < 780 nm).61
Increase in the observed TON using FeTCPP (TON = 3.14 after 6 h) over the noncarboxylated complex, FeTPP (TPP = tetra-phenylporphyrin) (TON = 0.77 after 6 h), was
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thought to result from anchoring of the complex by hydrogen bonding interactions
between the complex and C3N4 edge amines (Figure 1.18). This could not be confirmed
however, as the hydrogen bonding interaction could not be accurately characterized and
the additional electron withdrawing groups also favorably shifted the iron center’s redox
potentials compared to unmodified porphyrin ligands. As a result, the method of catalyst
anchoring was considered to be non-covalent π – π interactions between the surface of
C3N4 and the porphyrin ligand.

Figure 1.18: FeTCPP hybrid photocatalyst and FeTPP homogeneous photocatalyst.61

Covalent anchoring to C3N4 was accomplished in the other example introduced
above by modification of C3N4 with melem oligomers. These oligomers acted as antenna
for ketone-imine condensation of pendant carboxylic acid groups of a hematoporphyrin
ligand (Scheme 1.1).62 This covalent anchoring was confirmed by X-ray photoelectron
spectroscopy (XPS) and solid state 13C nuclear magnetic resonance spectroscopy (NMR).
After complexation of cobalt into the anchored hematoporphyrin ligands, the reduction of
CO2 to CO was measured at a rate of 17 μmol/g/h under optimized conditions.
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Scheme 1.1: Anchoring method of Co-POM hybrid photocatalyst through imine
condensation.62

1.3 Hybrid Photocatalyst Design
1.3.1. Linker and Anchor effects
One aspect of hybrid photocatalysis which has not been extensively studied is
how the efficiency of electron transfer to the catalyst from the photosensitizer is affected
by the anchoring strategy. Both the anchor and the linker can vastly alter the outcome of
catalysis. This alteration can be negative, by the linker hindering electron transfer, or
positive by the linker promoting it. Only a handful of studies have touched on the
importance of these interactions including the example previously described using cobalt
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hematoporphyrin complexes covalently anchored to modified C3N4.62 Photocatalytic
activity in this covalent hybrid system was more than twice that of an analogous system,
in which an identical cobalt hematoporphyrin catalysts was anchored only by mixing with
the melem oligomer modified C3N4 without formal ketone-imine condensation.
The difference in activity between these systems demonstrated the importance of
the anchoring method in hybrid photocatalytic systems. In addition, this study showed a
clear advantage in systems which have a defined interaction between the molecular
catalyst and photosensitizer. However, only a small section of the literature describes
how different attachment strategies between catalyst and electron source may impact
catalysis. The vast majority of these studies also investigated the effects induced only by
changing the anchoring group, without introducing a linker between the catalysts and
anchor or without altering said linker.63, 64, 65
Ishitani and co-workers tested various anchoring strategies by looking at the
differences between methyl, carbonate, phosphonate, and the absence of anchoring
groups on the electron injection into trans(Cl)-[Ru(bpyX2)(CO)2Cl2] catalysts by C3N4
semiconductors (Figure 1.19). 66, 67, 68 Photocatalytic CO2 reduction using these
differently anchored Ru catalysts resulted in significant differences in both selectivity and
overall activity. Predictably, catalysts without anchors, both the unmodified and the
methyl modified complexes (X = H and CH3-, respectively) showed the lowest TONs for
CO2 reduction products.64 Independent of solvent effects, the phosphonate and carbonate
anchored catalysts (X = COOH and PO3H2 respectively) showed high selectivity for
formic acid (HCOOH) over CO. The phosphonate and carbonate anchors gave
selectivities for HCOOH of 78% and 74%, and for CO of 21% and 20%, respectively
24

(TONHCOOH = 68 and 17, and TONCO = 18 and 4.5 respectively after 20 h).66 However,
one study also introduced a minor linker into the phosphonate anchor by addition of a
CH2 spacer between the bpy ligand (X = CH2PO3H2). The added spacer caused a swap in
the selectivity of the catalyst system to 64% for HCOOH and 34% for CO with TONs of
15 and 29 respectively after 1 h.67 The significant difference in selectivity observed by
adding a single carbon spacer to the phosphonate anchor demonstrates the importance of
linker design in hybrid photocatalytic systems.
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Figure 1.19: Hybrid photocatalytic system and the differently anchored trans(Cl)[Ru(bpyX2)(CO)2Cl2] complexes studied by Ishitani and co-workers.68

1.3.2. Cyclam Molecular Catalysts
For the purposes of hybrid photocatalytic system design, selection of the
molecular catalyst is typically based on previously observed activity and the complex’s
ability to be anchored to the surface of choice, which are determined by the ligand
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structure. Of the successful first-row transition metal molecular catalysts used for either
electrocatalytic or photocatalytic CO2 reduction, one common feature is the use of
nitrogen coordinating chelate ligands. These ligand structures were used in the previously
discussed examples for metals such as Fe, Co, and Ni, and include porphyrins,
phthalocyanins, polypyridyl structures, and cyclams. Li and co-workers have used cobalt
tetraazamacrocyclic complexes anchored through metal-surface oxo-bridges to a variety
of PSs including TiO2 nanoparticles, nitrogen doped tantalum oxide nanoparticles (NTa2O5), and C3N4 (Figure 1.20).25, 69 Of the two complexes studied, [CoIII(cyclam)Cl2]Cl
and [CoIII(HMD)Cl2]Cl (HMD = 5,7,7,12,14,14-hexamethyl-1,4,8,11tetraazacyclotetradeca-4,11-diene), the cyclam ligand was less photocatalytically active
but relatively simple in its structure and ease of preparation.

Figure 1.20: Cobalt Tetraazamacrocyclic complexes, a) cyclam and b) HMD studied by
Li and co-workers. c) Surfaces and their respective band gaps.69, 70
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The saturation of the cyclam ligand also removes the potential for possible π – π
interactions with aromatic surfaces compared to HMD and other nitrogen coordinating
chelate ligands which often include a measure of aromaticity or unsaturation. These noncovalent interactions were observed to compete with the desired anchoring strategy
employed when using [CoIII(HMD)Cl2]Cl in hybrid systems with C3N4 and in previously
discussed systems.61, 69 While these interactions often resulted in an increase in activity
during photocatalysis, they can be detrimental to the study of these systems because they
create ambiguity in the mechanism of anchoring. As a result, cyclams have continued to
be used in hybrid photocatalytic systems due to the relative simplicity of the ligand
framework and known selectivity for CO2 reduction.69

1.3.3. Cyclam Modification
Using a cyclam molecular catalysts in a hybrid photocatalytic system without the
use of a direct metal-to-surface bond involves two possible modification strategies, Nfunctionalization, or C-functionalization (Figure 1.21). N-functionalization of cyclams
uses covalent modification of one or more inner-sphere ligand amines, while Cfunctionalization uses covalent modification of one or more of the outer-sphere
methylene carbons. Each of these strategies have their own pros and cons in terms of
synthesis and functionality.
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Figure 1.21: a) N-functionalization vs b) C-functionalization of cyclams.

For N-functionalization, synthetic modification is relatively simple and has been
accomplished several times in the literature and typically involves slow nucleophilic
substitution of electrophilic reagents by the target ligand amine groups.72 These
modifications can be lengthy when not all of the amines are modified due to the
protection steps required to prevent undesired modifications. Hybrid photocatalytic CO2
reduction with N-functionalized cyclams has been reported with a methyl phosphonate
modified [NiII(cyclam)]2+ on both dye-sensitized ZrO2 nanoparticles (TON 4.8 after 7 h)
and ZnSe – BF4 QDs (TON > 120 after 20 h) (Figure 1.22).72, 73 However, modification
of inner-sphere sites on cyclam ligands may introduce unwanted changes in the
electronics of the metal center such as shifts in the reduction potential of the catalyst.
These reduction potential shifts are also variable based on the number of nitrogen site
modifications and the functional groups present in the modification.
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Figure 1.22: Hybrid photocatalytic systems with the PSs a) Dye sensitized ZrO2
nanoparticles and b) ZnSe-BF4 QDs, with a c) N-methylphosphate modified
[NiII(cyclam)]2+ molecular catalyst.72, 73

Electronic effects of N-functionalization on the metal center were reported as
shifts in the reduction potentials of N-functionalized [NiII(cyclam)]2+ complexes by
Kubiak (Figure 1.23).74 In this study [NiII(cyclam)]2+ were modified with 2 or 4 methyl
groups at the ligand nitrogens. Analysis of [NiII(cyclam)]2+, [NiII(TCM)]2+ (TCM =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), and [NiII(DCM)]2+ (DCM = 1,8Dimethyl-1,4,8,11-tetraazacyclotetradecane) by CV showed a significant positive shift in
in the reduction potential of Ni(II) to Ni(I) by the addition of 2 and 4 methyl groups
(approximately +0.20 V and +0.60 V, respectively). These shifts denoted an increase in
electron density at the metal center which would typically be considered beneficial for
catalytic CO2 reduction, as the methyl modified complexes should require lower
overpotentials. When the complexes were analyzed by CV in the presence of CO2
however, the current density from CO2 reduction correlated inversely with the shifts in
reduction potential of each catalyst. This increase in required overpotential with
[NiII(TCM)]2+ and [NiII(DCM)]2+ was attributed unfavorable ligand geometries created by
N-functionalization. Photocatalytic investigations of N-functionalized cyclams therefore

30

introduce additional variables beyond those which are typically considered which
ultimately impact the catalytic activity of the metal complex itself.

Figure 1.23: a) Differently N-methylated [NiII(cyclam)]2+ catalysts. b) Measured
reduction potentials of N-functionalized Ni(cyclam) complexes by CV experiments.74

C-functionalization of cyclams removes this variability by modifying outer-sphere
carbon sites which are sufficiently removed from the metal center to avoid electronic
interactions. Synthetic modifications for the generation of C-functionalized cyclams are
most common at the central position of the 3-carbon propane section of the cyclam ligand
(the C-position) (Figure 1.21). This position is the farthest removed from the metal center
which further diminishes the chance of an electronic impact on the metal center.
Synthetic routes towards these C-modifications are much more complex however, as the
C-position is chemically inert in the completed ligand. Alterations must therefore be
made during the synthesis of the cyclam itself, prior to the addition of the metal.
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Two of the most common strategies to synthesize cyclams are either by protection
of 2,3,2-tetraamine (N,N'-bis(2-aminoethyl)-1,3-propanediamine) with a dione
condensation followed by nucleophilic substitution with a 1,3-dihalo propane
electrophile, or by direct nucleophilic substitution of the 2,3,2-teraamine with diethyl
malonate followed by reduction of the amides (Scheme 1.2).75, 76 To incorporate a linker
or anchor at the C-position and generate C-functionalized cyclams, a modified
electrophile is used in both strategies. With a protected 2,3,2-tetraamine, the 1,3-dihalo
propane is exchanged for an analogous biselectrophile containing the desired
modification at the 2-position during cyclization of the protected tetraamine.75 With
unprotected 2,3,2-tetraamine, diethyl malonate is exchanged for a diester modified at the
central carbon with the desired functionality.76 Both of these routes are slow, and as a
result, the use C-functionalized cyclams in hybrid photocatalytic systems has not been
widely employed.
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Scheme 1.2: Common synthetic routes for cyclams using protected 2,3,2-teraamine with
1,3-dihalo propane (R = H) a), and using 2,3,2-tetraamine with diethyl malonate (R = H)
b). C-functionalized cyclams generated using these routes use modified 1,3-dihalo
propane (R = linker) a), or modified diesters (R = linker) b).

1.4 Scope of Thesis and Overview of Chapters
I hypothesize that certain features of the linker and anchor in hybrid systems such
as flexibility, length, anchoring unit or specific incorporated geometries will result in
higher activity for photocatalytic CO2 reduction by creating more favorable interactions
between catalysts and PS. Determining the beneficial or detrimental features of a linker
and the anchor in hybrid photocatalytic CO2 reduction would allow for the identification
of more successful strategies and further the field of CO2 reduction research.
Investigation into this aspect of hybrid photocatalytic systems is therefore valuable. An
effective strategy to study the linker’s effect on catalysis would be to generate a series of
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hybrid photocatalytic systems which vary only in linker structure. The results of
photocatalytic CO2 reduction using this series could then be used to determine effective
functional aspects of linker design.
To accomplish this investigation using a cyclam molecular catalyst, a new
synthetic route is required. Ideally, this route should be high yielding, produce a catalyst
which affords facile modification of an outer-sphere site, and avoid lengthy syntheses.
Herein I describe an effective synthetic strategy to generate easily modified Cfunctionalized cyclam-like cobalt molecular catalysts and the initial results of hybrid
photocatalytic CO2 reduction using two new Co-catalysts. With this strategy, it is now
possible to efficiently create a series of hybrid photocatalytic systems with variable
linkages between catalyst and PS for the purposes of studying the effects of different
linker designs.
Chapter 2 will outline the goals of this project and discuss the targeted series of
hybrid photocatalytic systems for the isolated study of linker effects on CO2 reduction
catalysis. I will discuss the synthetic challenges encountered in the generation of Cfunctionalized cobalt cyclam complexes using common literature strategies, namely by
incorporation of modified biselectrophiles into the synthesis of cyclams. In chapter 3, I
will focus on the transition from the initial synthetic route to a pair of metal templated
synthetic strategies. These syntheses were designed for the production of both nitro
modified cobalt cyclams, and diimine containing cobalt cyclam-like complexes capable
of C-functionalization by ligand deprotonation to form a nucleophile at the C-position.
Chapter 4 will introduce the synthetic modification of these deprotonated cobalt cyclamlike complexes by nucleophilic substitution of aromatic electrophiles, reduction of the
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resulting coordinated imines of the ligand to form the final Co-catalysts and describe the
results of photocatalysis using these catalysts. Chapter 5 will present a summary of the
results of this research and will offer considerations for future directions.
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Chapter II. Direct Ligand Synthesis of C-Functionalized Cyclams
2.0 Introduction
2.0.1. Linker Design for Hybrid Photocatalysts
The effects different features of a linker have on a given hybrid photocatalytic
system are not currently known however several assumptions can be made based on
previous studies. For instance, structural rigidity of the connection between PS and
catalysts has been shown to reduce catalytic activity in modified [ReI(bpy)]+ complexes
in both homogeneous hybrid systems, when covalently linked to a [RuII(Me2-bpy)3]2+ PS,
and in traditional hybrid systems when covalently linked to the surface of mesoporous
silica.77, 78, 79 Flexibility of the linker is therefore a variable that may impact catalytic
activity in the design of hybrid systems. In addition, in the homogeneous examples,
rigidity was introduced through unsaturation of the linkage to the molecular PS (Figure
2.1).78, 79 Decrease in catalytic activity in these systems with unsaturated linkers contrasts
the idea that conjugation or conductive linker is necessarily beneficial for electron
transfer.
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Figure 2.1: Introduction of linker rigidity by conjugation.79

Another property which can be varied in linkages between catalysts and PS is
length. In a separate study by the Ishitani group, the connection between the modified
[ReI(Me-bpy)]+ catalysts and [RuII(Me2-bpy)3]2+ PS was varied by 2, 4, and 6 carbon
chain lengths (Figure 2.2).80 The resulting photocatalysis experiments showed that the
shortest carbon spacer (-C2H4-) produced the highest amount of CO over both the hybrid
systems with 4 (-C4H8-) and 6 (-C6H12-) carbon spacers (TON = 180, 120, and 120 after
16 h respectively). However, increasing the length beyond 4 carbons did not appear to
cause a change in activity.
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Figure 2.2: Various linker lengths between modified [ReI(Me-bpy)]+ catalysts and
[RuII(Me2-bpy)3]2+ PS (left) and the resulting activity observed for photocatalytic CO2
reduction (right). (RuC3(OH)Re structure omitted).80

A similar result was observed in an unrelated study on the rates of electron
transfer between a modified ferrocene complexes and conductive diamond electrodes.81
In this study the distance between the surface and ferrocene was varied by employing
alkyl chains with lengths between 4 – 11 carbons. Unsurprisingly, the observed electron
transfer rates were fastest with the shortest alkyl chain. Hamers and collaborators
concluded the mechanism of electron transfer was best described by a through space
tunneling mechanism which is distance dependent. However, due to the increased
flexibility of the longer alkyl chains, electron transfer was not significantly affected once
the alkyl chain length was greater than 4 carbons.
With all of these factors considered in mind, we hypothesize a series of linkers
which were varied in anchoring group, length, flexibility, and angle (in short or rigid
linkers) could be used to conduct a thorough investigation into the effects of linker design
in hybrid photocatalytic systems (Figure 2.3).
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Figure 2.3: Various linker functionalities envisioned for testing linker effects in hybrid
photocatalytic CO2 reduction using cyclam molecular catalysts (M = cobalt(III)).

2.0.2. Previous Investigation Towards C-functionalized Cyclams†
To develop a series of linked hybrid photocatalytic systems using modified
[Co(cyclam)]3+ catalysts, an efficient synthetic strategy needed to be designed. As current
systems used to generate C-modified cyclam ligands previously discussed were lengthy
and would result in the independent synthesis of each uniquely modified cyclam.75, 76 A
more efficient system was devised by Dr. Harrison in which a cyclam ligand would be

†

(Synthesis and characterization carried out by former post-doctoral fellow Dr. Daniel Harrison)
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modified with a functional handle (such as an alcohol or a carboxylate) during the cyclam
synthesis (Scheme 2.1). This was accomplished by the reaction of protected 2,3,2tetraamines with methyl-3-bromo-2-(bromomethyl)propionate or 1,3-bromo-2-propanol,
however the yields were low (4.5% and 42% respectively) and reactions time for the
sequence following deprotection of the cyclam totaled ~96h.

Scheme 2.1: Synthetic route towards C-functionalized cyclam ligands initially attempted.

Following the generation of [cyclam-R] • 4HCl (R = OH, COOH), numerous
attempts to couple linkers were made using common organic coupling techniques,
including dicyclohexyl carbodiimide (DCC) coupling and condensation-based amide or
ester formations.82 None of these attempts were successful however, likely due to the
insolubility of the tetraamine tetrahydrochloride salt in organic solvents, despite
deprotonation of ligand with triethylamine (NEt3) to increase solubility. Various
conversions of [cyclam-COOH] to the ester [cyclam-COOMe] were attempted using
direct esterification in MeOH and with acyl chloride intermediate formation to expand
the range of coupling methods.82 These esterifications were successful (up to 40% yield
by NMR) but full conversion was never achieved, which complicated isolation and
purifications attempts. As a result, a different route was used in order to incorporate a
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completed linker into the cyclam synthesis instead of a small-modifiable functional group
(Scheme 2.2). After deprotection, [cyclam-R] • 4HCl (R = CO(O)NHAr)) (Ar = [(C6H4)1,4-(NH2)(CH2PO3Et2)]) was generated in a crude yield of 16% was achieved but full
isolation was unsuccessful.

Scheme 2.2: Synthetic route towards [cyclam-R] • 4HCl (R = CO(O)NHAr)) (Ar =
[(C6H4)-1,4-(NH2)(CH2PO3Et2)]).

Based on this work, we concluded that the generation of C-functionalized cyclams
ligands requires all (or most) of the desired linker to be affixed prior to cyclam
completion due to the synthetic challenges of coupling reactions with the completed
ligand. As stated previously this route has the significant drawback of being inefficient
for generating a series complexed with modified ligands. Despite its inefficiency, this
route has been reported several times in the literature and offers one of the highest
yielding routes towards C-functionalized cyclams.75 Other synthetic strategies have also
been reported which involve diamide formation from 2,3,2-tetraamine and modified
diethyl malonate, though this approach gives low yields and requires prohibitively long
reaction times.76, 83
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With this in mind, we sought a strategy to generate C-functionalized cyclams
more efficiently and opted to try the synthetic route described by Lewis (Scheme 2.3).75
The first step in this strategy requires the installation of a half linker onto diethyl
malonate using the deprotonated diester as a nucleophile for p-functionalized benzyl
halides (p-nitro-, and p-bromo-benzyl bromide). Following malonate modification, the
esters (2.1 and 2.2) will be converted to a biselectrophile by reduction to furnish the diols
(2.3 and 2.4) and subsequent conversion of the alcohols to halides (2.5 and 2.6) or
tosylates (2.7 and 2.8).

Scheme 2.3: General synthetic route for the generation of C-functionalized cyclam
ligands.

The modified biselectrophile can then be attached onto the secondary amines of a
protected 2,3,2-tetraamine by a substitution reaction to complete the synthesis of the
desired ligand. Further functionalization of the aryl linkers with anchors or linker
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extensions is then achievable using onward reactions which are dependent on the
functional group. However, care should be taken to ensure the components of the linker
can survive deprotection of the cyclam which is carried out by reflux in concentrated
HCl. C-C coupling and acid stable connections such as amides are therefore ideal. Once
the ligand is deprotected, metal coordination of the free cyclam with cobalt(II) salts can
be followed by metal oxidation under acidic conditions in the presence of O2 generate the
[CoIII(cyclam-R)Cl2]Cl (R = linker) catalysts.

2.1 Results and Discussion
2.1.1. Malonate Substitution
Substitution of diethyl malonate with the corresponding functionalized aryl group,
either p-bromobenzyl bromide or p-nitrobenzyl bromide, was attempted using several
different methods (Scheme 2.4).75, 84, 85 Each method involved deprotonation of the acidic
proton at the central carbon. Initial attempts made use of NaH as the base in a diethyl
ether or THF solution under an inert atmosphere followed by slow addition of diethyl
malonate to generate the nucleophilic malonate species.81 Once the addition of diethyl
malonate was complete, either p-nitro- or p-bromo-benzyl bromide was added slowly to
prevent substitution of multiple aryl groups. Recrystallization did not allow isolation of
pure diethyl (4-nitrobenzyl) malonate (2.1) or diethyl (4-bromobenzyl) malonate (2.2).85
Purification of 2.1 by column chromatography using silica and/or alumina also failed, as
the material stuck to stationary phase and could not be eluted from the column.
Distillation of the crude oils under reduced pressure did partially purify 2.1 by removing
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excess diethyl malonate, however, dialkylated side products were still observed in the 1H
NMR spectrum of the distilled material and 2.1 could not be isolated as a completely pure
species (Figure 2.4).

Scheme 2.4: Synthetic route used for the generation of modified malonates 2.1 and 2.2.

Purification of the bromo analogue 2.2 by column chromatography on silica (1:1
or 2:1 DCM/ Hexanes) was successful. While the use of NaH to deprotonate diethyl
malonate was sometimes successful, the yields observed were often dependent on the
humidity. The ability to adequately dry and prepare glassware was less effective during
the summer months when these malonate substitutions were carried out which led to
degradation of the NaH reagent. In addition, the production of dialkylated products was
evidence of excess deprotonation by NaH, which complicated the purification of the nitro
compound 2.1.
Further attempts to substitute diethyl malonate were accomplished using K2CO3
as a base (Scheme 2.4).84 This base was both less sensitive to moisture and was less likely
to produce dialkylated product by deprotonation of diethyl malonate, due to its lower
basicity. Following reaction, distillation of 2.2 under reduced pressure to remove excess
diethyl malonate was followed by filtration of the crude material to remove excess
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K2CO3. Analysis of the 1H NMR spectrum of the viscus oil confirmed that the desired 2.2
was isolated without the need for recrystallization.
When K2CO3 was used in the synthesis of 2.1, several experiments failed to
isolate the desired product, as distillation and filtration could not isolate pure 2.1 and
recrystallization attempts failed to precipitate any solid material. In a following attempt
however, it was found that after removal of the excess base by filtration, a reaction
continued despite appearing complete by thin layer chromatography (TLC) prior to
distillation. After filtration this filtration, the crude solution was left unstirred for up to 48
h and the normally red solution became colorless. Upon high temperature distillation
followed by the removal of solids by filtration, a white solid was collected in nearly
quantitative yield. 1H NMR spectroscopy revealed this solid to be the pure product 2.1.
The source of red coloration in the solution was never confirmed but was assumed to be
aryl intermediates wit conjugated nitro groups. These intermediates were likely a minor
kinetic product of the reaction which were slowly converted over time to 2.1. Switching
the base to Cs2CO3 was also attempted to reduce reaction times as it is a more organic
soluble base. Unfortunately, this resulted in a hard-black material after distillation which
could not be identified, and no products could be isolated from these trials.

2.1.2. Diester Reduction to Diol
Initial attempts to reduce the esters 2.1 and 2.2 made use of a 4-fold excess of
diisobutyl aluminum hydride (DIBAL) (Scheme 2.5).84, 86 Neither of the reduced diols,
2.3 or 2.4, could be isolated following column chromatography or identified. The
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addition of up to 50% more DIBAL (up to 6.6 equivalents) during the reaction and
concentrated HCl was used to break up the resulting aluminum aggregates during work
up. Reduction of 2.2 was successful with these procedural changes and 2.4 was isolated
despite a low yield (14%) after purification by column chromatography.

Scheme 2.5: Synthetic routes used for the reduction of diesters 2.1 and 2.2 to the
corresponding diols 2.3 and 2.4.

When this procedure was used for the reduction of 2.1, 2.3 was isolated in a high
yield (84%) without the need for column chromatography. All subsequent attempts to
repeat this reduction of 2.1 on a similar or larger scale however required further
purification by column chromatography which produced an oily mixture which separated
into an immiscible red and colorless oils physically separated. Analysis of the red oil by
1

H NMR spectroscopy revealed that it contained the product 2.3 as well as other

unidentified aliphatic impurities while the colorless oil contained largely aliphatic
material which was not identified. Product 2.3 could be isolated as a dark red oil (14%)
after purification by column chromatography.
To avoid the generation of aluminum aggregates, NaBH4 was used in place of
DIBAL as the reducing agent.84, 87, 88 Small scale reactions to reduce 2.1 and 2.2 using
NaBH4 failed to generate the diol products 2.3 and 2.4. On a larger scale (≥ 1 g) the
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reduction of 2.2 with NaBH4 was successful and gave 2.4 in a reasonable yield (67%)
without the need for recrystallization. Purification was still required for the reduction of
2.1 and recrystallization attempts were not successful. In these recrystallizations, crude
products consistently oiled out of solution. Introduction of a short silica column prior to
recrystallization solved this issue, and recrystallization of the combined fractions with Rf
< 0.6 allowed isolation of 2.3 in a 65% yield.

2.1.3. Biselectrophile Conversion
Conversion of the diol (2.3 and 2.4) to the corresponding biselectrophile where
the X leaving group was a bromide (2.5 and 2.6) was performed (Scheme 2.6).89 Despite
multiple attempts this method failed to produce any compound which could be identified
by 1H or 13C NMR spectroscopy as the dibromide (2.5 or 2.6). Bromination with PBr3
resulted in a dark intractable material which did not provide pure compound by column
chromatography. Failure to produce either of the target compounds likely resulted from
advantageous moisture causing degradation of the PBr3 reagent by hydrolysis.

Scheme 2.6: Synthetic routes for bromination of the diols 2.3 and 2.4 to the
corresponding dibromide compounds 2.5 and 2.6.
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The Appel reaction was then attempted to carry out the bromination (Scheme
2.6).90, 91 This reaction did generate the desired dibromide (2.5) when carried out in dry
MeCN, following column chromatography giving a good yield (84%). The same
procedure was less effective for the synthesis of 2.6, which was isolated lower yield
(24%). Bromination of 2.3 was also accomplished using a stoichiometric amount of NBS
and PPh3 (Scheme 2.6).92 We found this reaction to be less sensitive to humid conditions
and bromination could accomplished in 2 h. With this method, 2.5 was isolated in
moderate yields (60%) in under 5 h. As a result, bromination of 2.3 with NBS was the
primary synthetic method used because it took less time and the relative loss in yield
(from 84% using the Appel reaction, to 60%) was considered acceptable. NBS
bromination of 2.4 was never attempted due to previously discussed difficulties
encountered in generating 2.4. In subsequent steps of the synthetic route, we found that
using dibromide products failed to generate the desired cyclam [2.1.4]. As a result, we
switched our focus to the synthesis of a biselectrophile bearing ditosylate leaving groups
(2.7 and 2.8) in an attempt to improve cyclam formation (Scheme 2.7).

Scheme 2.7: Synthetic route used for the tosylation of 2.3 and 2.4 to the corresponding
ditosylated compounds 2.7 and 2.8.
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The ditosylate compound 2.8 was generated to make use of a procedure adapted
by Weisman and co-workers for the synthesis of cyclam rings.93 The generation of
ditosylated compound 2.8 was slow using this procedure and a different procedure was
used for the synthesis of ditosylate 2.7.84 With this procedure the desired 2.7 was
generated in lower yields (10 – 15%) however it was significantly faster than the method
used to generate 2.8 and produced enough biselectrophile to use in the following
synthetic steps.

2.1.4. Cyclam Preparation
Once the biselectrophiles 2.5, 2.6, 2.7, and 2.8 had been synthesized they were
used in multiple cyclization reactions with protected 2,3,2-tetraamines (2.9) to generate
the modified-protected cyclams (Scheme 2.8). 2.9 was synthesized using a previously
reported procedure which was modified with additional distillation to increase purity.91

Scheme 2.8: Synthetic route for cyclization of 2.5, 2.6, 2.7, and 2.8 with various
protected tetraamines.
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Initial attempts to generate the modified and protected cyclams made use of 2,3,2tetraamine protected by a glyoxal moiety‡. Analysis by 1H and 13C NMR spectroscopy
revealed the protected tetraamine to be a mixture of the cis and trans aminals. After
several cyclization attempts with this aminal mixture failed to produce the completed
cyclam product it was determined that nucleophilic substitution of the biselectrophiles 2.5
and 2.6 by the aminal mixture was significantly hindered. The structural configuration of
the intermediate generated after a single substitution of the trans-aminal onto the
biselectrophile is sterically blocked from further substitution, which has been reported in
the literature.95 While this substitution should have been possible with the cis-aminal, no
cyclam products were observed in these attempts. In addition, previous studies showed no
known method of deprotecting the trans isomer once the cyclam has formed which would
have complicated onward synthesis with this isomer.95 The majority of deprotection
strategies for cis-aminal protected cyclams have also been reported to take upwards of 14
days and required further protection of one or more ligand amines with Boc, tosylate or
benzyl protecting groups.95
Due to these challenges, we switched our focus to carry out cyclization with the
modified biselectrophiles using tetraamines that were protected with larger diones such as
2,3-butanedione or 1,2-cyclohexanedione. The resulting butyl bisaminal 2.10 and
cyclohexyl bisaminal 2.11 were better suited for nucleophilic substitution of the
biselectrophiles. The cis aminal isomers are favored during the protection process due to
added steric hinderance of the larger diones, making the substitution process sterically
accessible. In addition, these larger protecting groups can be removed in less time and

‡

Glyoxal protected 2,3,2-tetraamine was gifted by Dr. Weisman.
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under more mild conditions than the previously discussed glyoxal protected aminals
[2.1.4]. Both 2.10 and 2.11 were generated according to literature procedures by
refluxing 2.9 with either 2,3-butane dione or 1,2-cyclohexanedione (Scheme 2.9).96, 97
Butane protected 2,3,2-tetraamine was isolated in high yield (81%) and analysis by 13C
NMR spectroscopy was consistent with the literature.92 The cyclohexanedione protected
bisaminal 2.10 was of particular interest because it was designed specifically by
Porkhorov to prevent formation of the trans-aminal entirely while retaining mild
deprotection conditions compared to glyoxal protected cyclams.97 2.10 was synthesized in
a lower yield (45%) and used immediately with minimal characterization.

Scheme 2.9: Synthetic route for the protection of 2.9 with 2,3-butane dione or 1,2cyclohexanedione to generate the protected 2.10 and 2.11.

The generation of modified-protected cyclams was attempted using the butane
protected tetraamine (2.10) and each biselectrophile (2.5, 2.6, 2.7, and 2.8). The
cyclohexane protected aminal (2.11) was also cyclized using 2.8. The methods used
followed literature precedent for the deprotonation of the protected tetraamine with an
inorganic base (K2CO3 or Cs2CO3) followed by addition of the bis electrophile. The
procedure typically required that the mixtures be allowed to reflux for 2 – 7 days.82, 84, 94
The resulting suspensions were filtered, and purified by column chromatography on silica
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(with 3% added NEt3 in the mobile phase) or alumina. All cyclization attempts using the
dibromide biselectrophiles (2.5 and 2.6) failed to produce any amount of the desired
product. After column chromatography, analysis of the fractions from each experiment
by 1H NMR spectroscopy all showed a similar pattern of biselectrophile starting material
as the initial and larger component followed by a complex mixture which contained 2 – 3
different aromatic compounds as well as aliphatic peaks indicative of the protected
tetraamine structure (Figure 2.4). Additional purification by column chromatography of
the complex mixtures was not able to separate or isolate the protected cyclam products. It
was believed that the primary component of these mixtures was either the singly attached
intermediates which resulted from a failure to complete the second substitution, or the
protected tetraamine substituted with 2 equivalents of the biselectrophile. Due to small
amounts if isolated material following purification neither of these compounds were
isolated in pure form and could not be unequivocally identified.
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Figure 2.4: Stacked 1H NMR (400 MHz, CDCl3) spectra of 2.5 (1), 2.9 (2), and a
representative complex mixture isolated from attempted formation of the nitro benzylmodified protected cyclam (3).

Failure to produce modified cyclams with these general methods was
disappointing given that these synthetic procedures followed literature precedent, albeit
with smaller groups as the C-modification.75, 76 Several alterations of the literature
procedures that were tested in an attempt to improve the outcomes. The use of a more
soluble base (cesium carbonate), higher temperatures (up to refluxing temperatures in
MeCN), extended reaction times (up to 12 days), and high pressure/temperature systems
(using a Teflon-capped sealed tube) were tested. All of these reactions resulted in the
isolation of either starting material or a crude mixture in which no discernable modified
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cyclam product could be isolated. Cyclization attempts using the ditosylate compounds,
2.7 and 2.8, also failed to generate the desired cyclam.
Microwave assisted cyclam synthesis was then attempted on a small scale. We
hypothesized that a microwave reaction may help speed up the reaction since the
thermally-driven reaction required long reaction times and gave low yields.75 Fourteen
unique experiments were attempted that combined 2.5 and a butane protected aminal
(2.10). Both soluble and insoluble bases were tested in combination with a variety of
solvents (Table 2.1). The resulting solutions were filtered to remove solids and TLC was
used to determine the presence of product. Samples which showed products were purified
by column chromatography and analyzed by 1H NMR spectroscopy. None of these
experiments produced material which could be isolated or identified as the desired
modified cyclam.
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Table 2.1: Microwave assisted substitution of 2.5 with 2.10. Samples were prepared
under an inert atmosphere (N2) with 50 mg (0.15 mmol) 2.5, 34 mg (0.16 mmol) 2.10 and
0.31, 0.44, and 0.89 mmol liquid base or 1.48 mmol solid base in 5 mL of solvent in a 10
mL silicon capped microwave vial. Samples were heated to 80 oC at a power setting of 25
W for 1 h with stirring.
Trial

Base

Solvent (5 mL)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

K2CO3
KO'tBu
DBU
DIPEA
KO'tBu
DBU
DIPEA
none
none
DBU
DIPEA
NEt3
Cs2CO3
NEt3

MeCN
MeCN
MeCN
MeCN
DMF
DMF
DMF
Toluene
Chlorobenzene
THF
THF
MeCN
MeCN
THF

With the failure of all previous experiments to generate the target C-modified
cyclams, the focus of the project was shifted to alternative methods which could be used
to generate C-functionalized cyclams. The last that will be discussed here was the
synthesis of the dioxo C-functionalized cyclam 2.12 (Scheme 2.10). This method used
unprotected tetraamine 2.9 and the previously synthesized diester 2.1. This route was
previously avoided because of its lengthy reaction time and low yields reported in the
literature.76, 83, 94 However these issues were over looked at this point in the project as this
route could skip multiple steps and could be attempted with materials previously
obtained.
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Scheme 2.10: Synthesis of 2.12.

Multiple side reactions were possible using this approach, either by condensation
of multiple malonate compounds with the tetraamine or by reaction of the secondary
amines with the diester. These factors no doubt contributed to the low yield (11%)
obtained after refluxing for 17 d followed by purification via chromatography on silica.
Despite the successful synthesis of 2.12, several steps were still required to achieve the
target compound. Including reduction of the amides and reduction of the aryl nitro group
to an aryl amine. Further modifications to the linker would also be required, including
protection and deprotonation (with NEt3) of the ligand amines to avoid the issues with
organic coupling that were observed previously [2.0.2]. This the synthetic strategy was
reassessed with the new goal of generating easily modifiable cyclams.
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2.2 Conclusions
Despite numerous attempts under a variety of conditions, and the literature
precedent for such syntheses, isolation of protected C-functionalized cyclam ligand was
unsuccessful. Nucleophilic attack by the secondary amines of protected 2,3,2-tetraamine
on the modified biselectrophiles 2.5, 2.6, 2.7, and 2.8 appeared to be either prohibitively
slow or non-functional, even under identical conditions described in the literature for this
exact reaction.75 In addition, the results of nucleophilic substitution were observed to be
independent of the electrophile used. A series of microwave assisted experiments were
attempted to potentially reveal an alternative method which could achieve cyclization in a
reasonable timeframe. However, no product material could be identified in any of these
experiments.
While successful, generation of the p-nitrobenzyl-modified diamide cyclam 2.12
was prohibitively slow and low yielding. The additional steps required to make a usable
molecular catalyst from this ligand would have also required additional time. As a result,
this material was not used and the initial belief that this route was not viable for the
production of multiple hybrid photocatalysts was confirmed. Ultimately, the ability of
both attempted synthetic routes to generate C-functionalized cyclams was deemed
insufficient in terms of time, efficiency, and reproducibility. A new synthetic route was
therefore required, which ideally allowed for facile modification of the cyclam ligand
subsequent to its synthesis.
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2.3 Experimental
2.3.1. Materials and Instrumentation
Previously synthesized 2,3,2-Tetraamine 2.9, obtained from either Dr. Harrison or
by Dr. Gary Weisman. Solvents were dried using 3 Å molecular sieves for at least 24 h.
Pyridine was freshly distilled over CaH2. All other reagents were used as purchased
without further purification. Microwave-assisted reactions were accomplished using a
CEM Discover single-mode microwave reactor in capped 10 mL vessels. NMR
experiments were carried out on a Varian mercury 400 MHz NMR instrument at 298 K
and analyzed using MestReNova software. 1H and 13C NMR data recorded in CDCl3 used
residual internal standards CHCl3 (1H δ 7.26, 13C δ 77.16) respectively.

2.3.2. Experimental Procedures

Diethyl (4-nitrobenzyl) malonate (2.1)
A mixture of diethylmalonate (25.9 g, 162 mmol) and potassium carbonate (6.72
g, 48.6 mmol) was prepared in acetone (50 mL) before 4-nitrobenzyl bromide (5.0 g, 23.1
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mmol) was added as a solid to the solution with stirring. The solution was heated to 45 oC
for 3 h before it was cooled to RT and filtered over a medium frit. The filtrate was left to
sit for 48 h before the solvents were removed. This material was distilled under full
dynamic vacuum at 95 oC for 2 h. The resulting residue was dissolved in 200 proof EtOH
(30 mL), filtered and washed with EtOH (2 × 20 mL). The filtrate was collected, and
solvents were removed producing an off-white powder. Yield 585 g (97%) 1H NMR (400
MHz, CDCl3) δ 1.22 (t, 6H, J = 7.1 Hz), 3.31 (d, 2H, J = 8.1 Hz), 3.66 (t, 1H, J = 8.1
Hz), 4.18 (m, 4H), 7.39 (d, 2H, J = 8.3 Hz), 8.15 (d, 2H, J = 8.3 Hz).

Diethyl (4-bromobenzyl) malonate (2.2)
A mixture of diethylmalonate (4.49 g, 28.0 mmol) and potassium carbonate (1.62
g, 11.7 mmol) was prepared in acetone (30 mL) before 4-bromobenzyl bromide (1.98 g,
7.9 mmol) was added as a solid to the solution with stirring. The solution was heated to
45 oC for 2.5 h before it was cooled to RT and filtered over a medium frit. Solvents were
removed from the filtrate before it was distilled under full dynamic vacuum at 95 oC for 2
h. The resulting residue was dissolved in 200 proof EtOH (10 mL), filtered and washed
with more EtOH (2 × 10mL). The filtrate was collected, and solvents were removed
producing a slightly yellow oil. Yield 1.09 g (83%) 1H NMR (400 MHz, CDCl3) δ 1.21
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(t, 6H, J = 7.2 Hz), 3.17 (d, 2H, J = 7.9 Hz), 3.59 (t, 1H, J = 7.9 Hz), 4.16 (m, 4H), 7.08
(d, 2H, J = 8.5 Hz), 7.42 (d, 2H, J = 8.5 Hz).

2-(4-Nitrobenzyl)-1,3-propanediol (2.3)
Sodium borohydride (10.21 g, 270 mmol) was suspended in 200 proof EtOH (30
mL) under an inert atmosphere of N2. To that suspension, a solution of diethyl (4nitrobenzyl) malonate 2.1 (5.84 g, 22.5 mmol) in EtOH (20 mL) was added dropwise via
syringe and the solution was refluxed for 16 h. After refluxing was finished a 5% aq.
NH4Cl solution was added in several small portions with vigorous stirring which was
continued for another 16 h. Organic solvents were removed in vacuo and resulting
material was extracted into DCM (3 × 20 mL) and dried with magnesium sulfate.
Solvents were removed, and material was purified via column chromatography on silica
(1:1 EtOAc/ hexanes). Resulting fractions were combined, dried, and recrystallized in 1:1
EtOAc/hexanes producing an off white solid. Yield 3.06 (65%) 1H NMR (400 MHz,
CDCl3) δ 2.06 (m, 1H), 2.81 (d, 2H, J = 7.6 Hz), 3.65-3.85 (m, 4H), 7.38 (d, 2H, J = 8.8
Hz), 8.16 (d, 2H, J = 8.8 Hz).
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2-(4-Bromobenzyl)-1,3-propanediol (2.4)
Sodium borohydride (1.51 g, 40.0 mmol) was suspended in 200 proof EtOH (20
mL) under an inert atmosphere of N2. To that suspension, a solution of diethyl (4bromobenzyl) malonate 2.2 (1.09 g, 3.3 mmol) in EtOH (10 mL) was added dropwise via
syringe and the solution was refluxed for 48 h. After refluxing was finished a 5% aq.
NH4Cl solution was added in several small portions with vigorous stirring which was
continued for another 16 h. Organic solvents were removed in vacuo and resulting
material was extracted into DCM (3 × 20 mL) and dried with magnesium sulfate.
Solvents were removed producing a white crystalline solid. Yield 0.55 g (67%). 1H NMR
(400 MHz, CDCl3) δ 2.03 (m, 1H), 2.61 (d, 2H, J = 7.7 Hz), 3.60-3.85 (m, 4H), 7.07 (d,
2H, J = 8.4 Hz), 7.41 (d, 2H, J = 8.4 Hz).

2-(4-Nitrobenzyl)-1,3-dibromopropane (2.5)
2-(4-Nitrobenzyl)-1,3-propanediol 2.3 (1.0 g, 4.7 mmol) and triphenylphosphine
(3.15 g, 12 mmol) were dissolved in dry DCM (40 mL) under an inert atmosphere of N2
and cooled to 0 oC for 10 min. Solid N-bromosuccinimide (2.14 g, 12.0 mmol) was added
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in one portion to the stirred solution which was warmed to RT and stirred for 2 h.
Solvents were removed, and the resulting material was redissolved in hexanes before it
was filtered over a medium frit. The filtrate was dried and purified via column
chromatography on silica (1:4 EtOAc/hexanes) producing a thin yellow oil. Yield 0.96g
(60%). 1H NMR (400 MHz, CDCl3) δ 2.31 (m, 1H), 2.92 (d, 2H, J = 7.6 Hz), 3.35-3.60
(m, 4H), 7.41 (d, 2H, J = 8.1 Hz), 8.20 (d, 2H, J = 8.1 Hz).

2-(4-Bromobenzyl)-1,3-dibromopropane (2.6)
2-(4-bromobenzyl)-1,3-proanediol 2.4 (0.27 g, 1.1 mmol) was dissolved in dry
MeCN (40 mL) under an inert atmosphere of N2. Triphenylphosphine (0.53 g, 2.8 mmol)
was added over flowing N2 and the solution was cooled to 0 oC before carbon
tetrabromide (0.93 g, 2.8 mmol) was added in a similar fashion. The Solution was
warmed to RT and stirred overnight before it was quenched with DI water (10 mL).
Organics were extracted into Et2O and dried with sodium sulfate. Purification was
accomplished via column chromatography on silica (9:1 EtOAc/hexanes). Yield 0.99 g
(24%). 1H NMR (400 MHz, CDCl3) δ 2.23 (m, 1H), 2.74 (d, 2H, J = 7.3 Hz), 3.35-3.60
(m, 4H), 7.10 (d, 2H, J = 8.5 Hz), 7.44 (d, 2H, J = 8.5 Hz).
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2-(4-Nitrobenzyl)-1,3-[(4-methylphenyl)sulfonyl] propane (2.7)
A solution of 2-(4-nitrobenzy)l-1,3-propanediol 2.3 (0.10 g, 0.47 mmol) in
pyridine (10 mL) was cooled to 0 oC before p-toluenesulfonyl chloride (0.23 g, 12 mmol)
was added dropwise as a solution in pyridine (10 mL) and mixture was stirred at RT for
48 h. The resulting solution was poured into 40 mL of 0 oC 5 M HCl with and then
extracted into DCM (3 × 40 mL). The organics were washed with brine and dried with
magnesium sulfate before solvents were removed. The solid was then recrystallized from
EtOH to produce a white crystalline material. Yield 0.03 g (12%). 1H NMR (400 MHz,
CDCl3) δ 2.32 (m, 1H), 2.48 (s, 6H), 2.74 (d, 2H, J = 7.3 Hz), 3.85-4.00 (m, 4H), 7.14 (d,
2H, J = 8.8 Hz), 7.35 (d, 4H, J = 8.1 Hz), 7.72 (d, 4H, J = 8.1 Hz), 8.04 (d, 2H, J = 8.8
Hz).
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2-(4-Bromobenzyl)-1,3-[(4-methylphenyl)sulfonyl] propane (2.8)
A solution of 2-(4-bromobenzyl)-1,3-propanediol 2.4 (0.38 g, 1.55 mmol) in
DCM (8 mL) and another solution containing p-toluenesulfonyl chloride (0.59 g, 3.1
mmol) and pyridine (0.27 g, 3.4 mmol) in DCM (11 mL) were prepared and chilled at -10
o

C under an inert atmosphere of N2. After 1 h these solutions were combined via canula

transfer and the resulting solution was left at -10 oC until precipitation of pyridinium
hydrochloride was observed (4 - 6 weeks). The sample was then extracted into a solution
of ice (1.0 g), conc. HCl (0.1 mL) and DCM (20 mL). The resulting organics were dried
over sodium sulfate, solvents were removed, and purification was accomplished via
recrystallization in cold 200 proof EtOH which resulted in a white crystalline solid. Yield
0.43 g (50%). 1H NMR (400 MHz, CDCl3) δ 2.21 (m, 1H), 2.48 (s, 6H), 2.55 (d, 2H, J =
7.7 Hz), 3.80-4.00 (m, 4H), 6.82 (d, 2H, J = 8.4 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.35 (d,
4H, J = 8.0 Hz) 7.71 (d, 4H, J = 8.0 Hz).
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N,N'-bis(2-aminoethyl)propane-1,3-diamine (2,3,2-tetraamine) (2.9)
1,3-Dibromopropane (20 g, 0.10 mol) was added dropwise to a stirred 0 oC
solution of ethylenediamine (42 g, 0.70 mol) in EtOH (250 mL) with a pressure equalized
drop funnel over a 1 h period. After the addition was complete the solution was stirred at
50 oC for 1 h before it was cooled to RT and solid NaOH (12 g, 0.30 mmol) was added in
one portion. The solution was stirred for 1 h and the resulting milky suspension was
filtered over a medium frit and solids were washed with EtOH (3 × 50 mL). Solvent was
removed from the filtrate by distillation under static vacuum at 50 oC for 2 h. Excess
ethylenediamine was removed from the residue by a second distillation under static
vacuum at 80 oC. The product was then isolated by a final distillation under full dynamic
vacuum at 120 oC with the receiver flask cooled to -78 oC. The clear oil product was
collected from the receiving flask. Yield 7.1 g (44%). 13C NMR (700 MHz, DMSO-d6) δ
30.7, 42.0, 48.3, 53.3.
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9a,9b-dimethyloctahydro-1,3a,6a,9-tetra-azaphenalene (2.10)
A solution of 2,3-butanedione (537 mg, 6.23 mmol) in 10 mL 200 proof EtOH
was added to a chilled (-10 oC) solution of the 2,3,2-tetraamine 2.9 (1.0 g, 6.2 mmol) in
25 mL 200 proof EtOH with a pressure equalizing drop funnel over a 1 h period. The
solution was stirred for 2 h at 0 oC and solvents were removed in vacuo while the
temperature was held at 0 oC. The resulting solid residue was extracted into toluene and
solvents were removed in vacuo yielding a white solid. Yield 1.07 g (81%). 1H NMR
(400 MHz, CDCl3) δ 1.33 (s, 3H), 1.42 (s, 3H), 2.20-3.70 (m, 14H). 13C NMR (100 MHz,
CDCl3) δ 0.02, 10.83, 18.39, 23.72, 39.28, 42.13, 45.71, 46.68, 49.04, 51.23, 68.17,
73.38.
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Octahydro-2H,6H-8a,1-(iminoethano)pyrimido[1,2-d]quinoxaline (cyclohexane
protected aminal) (2.11)
A solution of 1,2-cyclohexanone 2.9 (0.300 g, 2.67 mmol) in 200 proof EtOH (10
mL) was added dropwise, over 1h, to a cold (0 oC) solution of 2,3,2-tetraamine (0.429 g,
0.267 mmol) in 200 proof EtOH (25 mL). The temperature was held at 0 oC and the
solution was stirred for 2 h before solvents were removed in vacuo at 0 oC. The resulting
Residue was dissolved Et2O, filtered and washed with more diethyl ether (3 × 10 mL).
Solvents were removed the filtrate to produce a slightly yellow solid. Yield 0.287 g
(45%). Product quickly and qualitatively analyzed by 1H NMR (400 MHz, CDCl3) before
it was used in cyclization reactions. These compounds degrade quickly and should be
used immediately after synthesis.
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6-(4-Nitrobenzyl)-1,4,8,11-tetraazacyclotetradecane-5,7-dione (2.12)
Diethyl (4-Nitrobenzyl) malonate 2.1 (0.50 g, 1.9 mmol) and 2,3,2-tetraamine 2.9
(0.31 g, 1.9 mmol) were dissolved in 200 proof EtOH (40 mL) and refluxed for 17 d.
Solvents were removed, and purification was accomplished via column chromatography
(30% DCM in MeOH with 3% NEt3). Removal of solvent from relevant fractions yielded
a white solid. Yield 0.07 g (11%). 1H NMR (400 MHz, CDCl3) δ 1.68 (m, 2H), 2.63-2.83
(m, 8H), 3.20-3.33 (m, 5H), 3.57 (m, 2H), 7.39 (d, 2H, J = 8.8 Hz), 8.12 (d, 2H, J = 8.8
Hz). 13C NMR (400 MHz, CDCl3) δ 35.5, 38.9, 48.8, 50.3, 57.1, 123.8, 129.8, 146.5,
169.2.

68

2.3.3. Experimental Spectra

Figure 2.5: 1H NMR (400 MHz, CDCl3) spectrum of glyoxal protected aminal.
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Figure 2.6: 13C NMR (100 MHz, CDCl3) spectrum of glyoxal protected aminal.
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Figure 2.7: 1H NMR (400 MHz, CDCl3) spectrum of 2.1.
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Figure 2.8: 1H NMR (400 MHz, CDCl3) spectrum of 2.2.
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Figure 2.9: 1H NMR (400 MHz, CDCl3) spectrum of 2.3.
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Figure 2.10: 1H NMR (400 MHz, CDCl3) spectrum of 2.4.
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Figure 2.11: 1H NMR (400 MHz, CDCl3) spectrum of 2.5.
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Figure 2.12: 1H NMR (400 MHz, CDCl3) spectrum of 2.6.

76

Figure 2.13: 1H NMR (400 MHz, CDCl3) spectrum of 2.7.
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Figure 2.14: 1H NMR (400 MHz, CDCl3) spectrum of 2.8.
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Figure 2.15: 13C NMR (100 MHz, CHCl3) spectrum of 2.9.
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Figure 2.16: 13C NMR (100 MHz, CDCl3) spectrum of 2.10.
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Figure 2.17: 1H NMR (400 MHz, CDCl3) spectrum of 2.11.
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Figure 2.18: 1H NMR (400 MHz, CDCl3) spectrum of 2.12.
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Figure 2.19: 13C NMR (100 MHz, CDCl3) spectrum of 2.12.
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Chapter III. Metal Templating Route Toward Modifiable Cyclams
3.0 Introduction
Failure to achieve efficient generation of C-functionalized cyclams through
traditional cyclam synthesis resulted in an expanded literature investigation into
alternative routes for the synthesis of the cyclam core. These investigations prompted us
to consider employing a unique series of reactions which utilized a metal template for the
challenging synthesis of the tetraamine macrocyclic ligands. Metal templating reactions
have been employed extensively as synthetic inorganic strategies in the fields of
catalysis, electronics, and pharmaceuticals.98 While broadly popularized in the mid to late
20th century by pioneering chemists such as Busch and Curtis, examples of metal
templating syntheses date as far back as the late 19th century.99, 100, 101
Metal templating offers the ability to efficiently generate sophisticated
coordination compounds and provide direction to ligand based chemical reactions.102
These abilities result from either the coordination geometry at the metal center, which
relays geometric information in the form of a defined arrangement of the ligand, or
activation of the ligand by metal coordination.103 With geometric information or ligand
activation, metal templating offers synthetic strategies for reactions of the ligand
framework which are normally inefficient or impossible due to constraints like
stoichiometric imbalances, lack of proximally located reactants, and ligand instability.
For cyclams and similar N4-6-macrocyclic complexes, many of the relevant
studies have been reported by Sargeson, Busch, Cummings, and Fabbrizzi.104, 105, 106 The
classic molecular structures such as sepulchrates and the playfully named sarcophagines
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are illustrative of the range of chemical transformations possible using this strategy
(Figure 3.1).107, 108 Of particular interest are the uncaged sarcophagines described by
Bernhardt and co-workers, and the unique diimine-dimethylated cyclam structures
described by Cummings (Figure 3.1 b) and c)).109, 110 The former complex offered a
synthetic route towards C-functionalized cyclams modified with nitro functional groups
at the one or both C-positions. This complex can be formed by metal coordination with
ethylenediamine followed by quad-condensation of the amines with formaldehyde, and
further imine substitution onto nitroethane. Toxicity of nitroethane has forced its removal
from most synthetic approaches and as a result nitromethane is typically used in its place.

Figure 3.1: Various tetra- and hexaazamacrocycles generated with metal templating
reactions observed in the literature (amine protons emitted). a) sepulchrate, b)
sarcophagine, c) modified cyclam, and d) [M(Me2[14]1,4-diene-N4)] (cyclamimine).

The diimine cyclam complex or “cyclamimine” ([M(Me2[14]1,4-diene-N4)]) has
unique properties which are not apparent by visual inspection however previous
investigations of cyclamimine revealed an interesting property of the ligand. Due to
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electronic stabilization from the diimine moiety of the metallocycle, the proton at the
intervening C-position is weakly acidic and can be easily deprotonated (Figure 3.2). The
resulting charge delocalization causes the central carbon site to become nucleophilic, and
capable of undergoing C-C coupling reactions with alkyl electrophiles by simple
nucleophilic substitution.111

Figure 3.2: Cyclamimine ligand structure before (left) and after (right) deprotonation.111

With these metal templating strategies in mind, we pursued two new synthetic
routes for the generation of C-functionalized cyclams (Scheme 3.1). The first approach
proceeds by the generation of a chelating amine complexes by complexation of cobalt
with either ethylenediamine or 2,3,2-tetraamine 2.9. These ligands could then be cyclized
to form cyclam complexes by previously reported metal templating strategies.108, 109 The
second approach uses metal templated condensation of a diketone with 2,3,2-tetraamine
chelated cobalt salts to form the cyclamimine complex. This cyclamimine complex can
then be deprotonated to form a nucleophilic β-diketiminato ligand capable of C-C
coupling reactions.108, 112, 113 Both of these synthetic routes offer an efficient strategy to
generate cyclam core structures that can be further C-functionalized by performing
reaction with organic linkers bearing appended electrophiles.
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Scheme 3.1: Generalized synthetic route towards C-functionalized cyclam complexes
through metal templating.

3.1 Results and Discussion
3.1.1. Synthesis of Chelating Amine Complexes
Generation of C-functionalized cyclams using a metal templating strategy first
required chelating cobalt(II) salts with 2,3,2-tetraamine (2.9) or ethylenediamine (en)
(Scheme 3.2). Cobalt chelation was first attempted using cobalt(II) nitrate and an excess
of ethylenediamine in MeOH as described in the literature.114 Predictably, the use of
excess ethylenediamine provided the undesired hexamine complex [CoII(en)3](NO3)2
(3.1) in high yield (84%). Full characterization of 3.1 was confirmed by crystallographic
analysis after 3.1 was used in subsequent reactions and preferentially crystallized out of
those mixtures [3.1.2]. The structure showed the presence of three diamine ligands but
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was collected at too high a temperature to be used for anything more than qualitative
structural information.

Scheme 3.2: Synthetic route for the targeted chelating amine complexes 3.2 and 3.4.

Successful generation of [CoII(en)2](NO3)2 (3.2) was accomplished with two
equivalents of ethylenediamine which was obtained in a moderate yield (37%) after
precipitation of the brown solid from cold MeOH. This chelation proceeded identically to
the previous reaction with excess ethylenediamine however the formation of 3.2 was
confirmed by UV-vis, as 3.1 had a strong absorption at about 360 nm, whereas 3.2 did
not. Confirmation of the structure was obtained after 3.2 was used in a following
synthetic step and the material was oxidized by treatment with O2 in concentrated HCl
which produced green [CoIII(en)2Cl2]Cl (3.2ox-Cl). The oxidized 3.2ox-Cl was
crystallized using two-solvent diffusion of Et2O into DMF, and diffraction of the crystals
revealed the structure of 3.2ox-Cl as well as several cobalt containing side products
which are discussed in section 3.1.2.
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A copper variant of the bis-ethylenediamine complex, [CuII(en)2](NO3)2 (3.3),
was synthesized prior to confirmation of the analogous cobalt structure 3.2 in order to
confirm the validity of the procedure, as there is more literature president for the copper
complex compared to the cobalt.115. Vibrant purple crystals of 3.3 were isolated in good
yield (80%) and initially identified by both color and melting point (203 – 205 oC).115 3.3
was later characterized by crystallography, however the data was collected at room
temperature which limited its use to qualitative structural information.
2,3,2-tetraamine (2.9) was used to synthesize [CoII(2,3,2-tetraamine)](NO3)2 (3.4)
which was intended for the generation of the mono-functionalized cyclam as opposed to
the MII(en)2 complexes (3.2 and 3.3), which, after further modification, would generate
bis-modified cyclams. Complexation of 2.9 to form 3.4 was accomplished by stirring
with cobalt(II) nitrate hexahydrate. Characterization of the product was accomplished by
1

H and 13C NMR spectroscopy following oxidation with O2 in HCl to form [CoIII(2,3,2-

tetraamine)Cl2]Cl (3.4ox-Cl). Attempts to grow X-ray quality crystals of 3.4ox-Cl were
unsuccessful. To assist crystallization, anion exchange of Cl– in 3.4ox-Cl to PF6– was
accomplished by adding a large excess of KPF6 during the oxidation step of the 3.4 which
provided [CoIII(2,3,2-tetraamine)Cl2]PF6 (3.4ox-PF6) in quantitative yields.
Diffraction quality crystals of 3.4ox-PF6 were grown using two-solvent diffusion
of MeOH into acetone (Figure 3.3). The structure of 3.4ox-PF6 has good agreement with
the with diffraction data (R1 = 3.96%) and is novel. Relevant bond lengths include the
four Co–N bonds (Co–NH2 1.959(3) Å, 1.969(2) Å, Co–NH 1.967(3) Å, and 1.970(3) Å),
the two Co–Cl bonds (2.250(8) Å and 2.424(8) Å). Relevant bond angles include the two
NH2–Co–NH angles (85.55o and 85.87o), the NH2–Co–NH2 angle (93.31o), the NH–Co–
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NH angle (95.22o) and the Cl–Co–Cl angle (178.86o). Inner-sphere bond angles of 3.4oxPF6 importantly show the complex with trans Cl– ligands and square planar 2,3,2tetraamine coordination geometry.

Figure 3.3: Crystal structure observed for 3.4ox-PF6 (white = H, grey = C, blue = N,
indigo = Co, light green = F, dark green = Cl, purple = P). Drawn with 50% ellipsoid
probability.

3.1.2. Formaldehyde Condensation Cyclization
Several attempts were made to synthesize the cobalt and copper dinitro cyclam
structures by cyclization of the cyclam using a formaldehyde condensation followed by
base assisted nitromethane substitution (Scheme 3.3). The methods for these attempts
were taken from reported literature procedures and involved generation of a solution
containing the metal complex (3.2, 3.3, or 3.4 in MeOH, EtOH or H2O) and NEt3
followed by the addition of formaldehyde (37% in H2O) and stirring at room temperature
for 2 – 24 h.114, 116 The produced materials were oxidized with O2 in HCl and analysis by
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1

H and 13C NMR spectroscopy showed that neither cyclization or condensation had

occurred during any reaction. Additional characterization by electrospray ionization mass
spectrometry (ESI-MS) of the material before and after oxidized material failed to
identify any of the products using this approach.

Scheme 3.3: Attempted synthetic routes towards nitro-functionalization of cyclam
complexes using formaldehyde condensation and cyclization of 3.2, 3.3, and 3.4.

The generation of diffraction quality crystals from the resulting products of the
attempted cyclization of 3.2 and 3.1 was successful for two samples, however, X-ray
crystallographic analysis confirmed that neither sample contained the desired dinitro
modified cyclam. Crystallographic analysis of the second crystal sample from the
attempted cyclization of 3.2 showed a mixture of products including [CoIIICl4]‾, 3.2oxCl, and [CoIII(DMF)6]3+ (Figure 3.4). The DMF complex likely formed as a result of
reaction with DMF which was used as a crystallization solvent. The other mixture
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components were 3.2ox-Cl which is the oxidized starting material, and [CoIIICl4]‾, which
was likely a result of a disproportionation reaction. While the structure of each
component is known, the combination of the three compounds in this unit cell is novel.
Diffraction data is in good agreement with the structure (R1 = 4.54%) despite the room
temperature limitations of the instrument.

Figure 3.4: Crystal structures isolated from the oxidized material of attempted nitro
modified cyclam synthesis with 3.2 which yielded [CoIIICl4]‾, 3.2ox-Cl, and
[CoIII(DMF)6]3+. Drawn with 50% ellipsoid probability. (grey = C, blue = N, indigo = Co,
light green = F, dark green = Cl, red = O).

We hypothesized that NEt3 could be ligating the metal in this reaction mixture,
preventing the deprotonation and subsequent formaldehyde condensation. Thus, a
modified procedure to cyclize 3.4 was used in which exchanged NEt3 was replaced with
either Na2CO3 or K2CO3. None of these reaction conditions produced the desired nitromodified cyclam. To determine if this cyclization was proceeding at all, 3.4ox-Cl without
nitromethane was used to determine if the intermediate diimine complex was forming by
condensation of formaldehyde (Scheme 3.4). Analysis of the materials produced by this
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experiment by 13C NMR and IR spectroscopy showed no evidence of imine formation.
All attempts to use this method of cyclam formation were unsuccessful despite being well
documented in literature for the cyclization of M(en)3 complexes.116, 117

Scheme 3.4: Attempted synthesis of diimine intermediate complex from 3.4ox-Cl.

The failure to produce modified cyclams by formaldehyde condensation was
unexpected, however, there are two possible explanations why these reactions were
unsuccessful. Firstly, the conditions could have been too basic, preventing the elimination
of H2O in the final steps of the condensation. Secondly, it has been reported that
substitution of nitromethane by ligand imines fails in conditions where the imine formed
is exceptionally stable.118 We determined that similar diimine complexes were quite
stable and resistant to further reaction which is discusses in section 4.1.2. It was therefore
unlikely that if the imine intermediate formed, it would be capable of nucleophilic attack
on nitromethane. No satisfactory explanation for the failure of 3.4ox-Cl to undergo the
desired condensation with formaldehyde could be determined.
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3.1.3. Synthesis of Cyclamimine Complexes
Generation of the cyclamimine complex (3.5) or the deprotonated (–1)dieno
complexes (3.6) proceeded by a condensation of 3.4 with acetyl acetone (acac) (Scheme
3.5).110 Initial attempts to generate 3.5 followed procedures reported in the literature for
the synthesis of analogous nickel complexes, however the desired cyclamimine 3.5 could
not be isolated from the resulting crude solutions by recrystallization.110 To assist
recrystallization, anion exchange was accomplished by the addition of excess KPF6
which resulted in the precipitation of wine-red crystalline material. Analysis of this
crystalline material by FT-IR spectroscopy showed no peaks indicative of imine
stretching (1700 cm-1 – 1600 cm-1), which indicated that condensation was not
accomplished.

Scheme 3.5: General synthetic route for the generation of cyclamimine (3.5 and 3.5ox)
and the subsequent deprotonation to form the (–1)dieno complex (3.6 and 3.6ox).
Oxidation was accomplished in concentrated HCl with O2 prior to reaction (with 3.4ox)
or during isolation of 3.5ox.

Crystallographic analysis of this crystalline material was accomplished after
single crystals were generated from two-solvent diffusion of MeOH into an acetone
solution. The structure revealed that acac was directly ligating the cobalt center forming
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[CoII(2,3,2-tetraamine)acac](PF6)2 (3.4-acac) (Figure 3.5). The crystal of 3.4-acac has a
uniquely large unit cell (a: 9.6666(2), b: 43.9241(10), c: 12.0934(3), α: 90, β:
94.494(2), γ: 90) which contains four separate 3.4-acac complexes and the structure of
3.4-acac is novel. Unfortunately, due to the high temperature used in diffraction (300.15
K), this structure could only be used for qualitative structural analysis (R1 = 16.37%).

Figure 3.5: Crystal structure observed for 3.4-acac. For clarity, hydrogen atoms have
been omitted and only half the cell is shown (grey = C, blue = N, indigo = Co, light green
= F, dark green = Cl, red = O, purple = P). Drawn with 50% ellipsoid probability.

Formation of 3.4-acac likely resulted from the non-equatorial ligation of the
2,3,2-tetraamine in 3.4 which was caused by the lack of axial X ligands. The coordination
of acac to 3.4 was unsuitable for condensation, as the alignment of the primary amines
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was unfavorable and the two open cis positions on the metal center made direct acac
coordination favorable. Equatorial ligation by 2,3,2-tetraamine in 3.4 was assumed based
on the crystal structure generated from the oxidized 3.4ox-PF6 (Figure 3.3). Without
oxidation in HCl however, 3.4 did not have the axial coordinated Cl– ligands and
coordination of the tetraamine was not equatorial. Further attempts to synthesize 3.5
using this method made use of the oxidized 3.4ox-Cl, as full octahedral coordination of
the cobalt center was expected to hinder direct acac coordination.110 We were hopeful that
overnight reflux of 3.4ox-Cl in the presence of acac would furnish the desired product,
however analysis of the resulting crude material by FT-IR spectroscopy showed no imine
vibrations between 1700 – 1600 cm-1 were present and neither 3.5 or 3.5ox could be
isolated.
Generation of 3.5 following yet another literature procedure, which reported the
synthesis of cobalt cyclamimine complexes in a one-pot method was attempted (Scheme
3.6).108 In this reaction 3.4 was generated in situ by combining cobalt(II) acetate and 2.9
followed by the addition of neat de-aerated acac and reflux of the resulting solution
overnight. After the reflux was complete, anion exchange by addition excess KPF6 was
accomplished to assist with recrystallization which resulted in the precipitation of an
orange crystalline material believed to be the desired [CoII(cyclamimine)](PF6)2 (3.5PF6). This material was extremely sensitive, and upon exposure to O2 in concentrations as
low as 2 – 10 ppm inside a glovebox, the material degraded to a black intractable material
and isolation of 3.5-PF6 was unsuccessful.
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Scheme 3.6: Synthetic route for 3.5 through in situ generation of 3.4.

Yet another reported method for the one pot synthesis of 3.5ox was attempted,
which carried out oxidation of the cobalt(II) center to cobalt(III) during the workup and
purification step.113 After coordination of cobalt(II) to 2.9 to generate 3.4, condensation
of acac was accomplished using the same method described previously.108 The resulting
solution was then oxidized with O2 in an acidic solution (HCl and HClO4) to form the
oxidized complex, [CoIII(cyclamimine)Cl2]ClO4 (3.5ox-ClO4). Much to our relief, 3.5oxClO4 precipitated out of solution as fluffy green crystals which were air and moisture
stable. Although the yield of this reaction was low (28%), characterization of 3.5ox-ClO4
was confirmed by 1H and 13C NMR spectroscopic analysis. The ligand imines were
observed by FT-IR spectroscopy as a strong band at 1690 cm-1.
Efforts to produce diffraction quality crystals of 3.5ox-ClO4 were unsuccessful as
the presence of trace O2 caused decomposition to the oxidized ketone complex
[CoIII(cyclamimine-one)Cl2]ClO4 (3.7) in all isolated crystals (Figure 3.6). The structure
of 3.7 is known and agrees with previously reported structures.113 Relevant bond lengths
include the imine N=C (1.266(3) Å and 1.271(3) Å), Co–N (1.915(19) Å and 1.921(2) Å
for imine nitrogens, and 1.969(2) Å and 1.977(2) Å for amine nitrogens), and the
carbonyl C=O (1.207(3) Å). Formation of 3.7 has been reported previously for
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cyclamimine and similar ligand frameworks. 113, 126 The mechanism for ketone formation
has not been confirmed however it has been speculated to occurs via O2 coordination of
C-position and cobalt center after dissociation of one or more X ligands.113, 126

Figure 3.6: Crystal structure observed for 3.7 (white = H, grey = C, blue = N, indigo =
Co, green = Cl, red = O). Drawn with 50% ellipsoid probability.

Generation and use of 3.5ox-ClO4 presented a safety hazard however, as the
perchlorate salts are potentially explosive.119 To avoid the generation of perchlorate salts,
further attempts to generate 3.5ox made use of the BF4- anion using HBF4 during the
oxidation process rather than HClO4. This change did not have a detrimental effect on the
successful generation of the desired cyclamimine and 3.5ox-BF4 was isolated in a
reasonable yield (36 – 45%). Unfortunately, we were unable to grow diffraction quality
crystals of 3.5ox-BF4.
1

H NMR spectra of the cyclamimines (3.5ox-BF4 and 3.5ox-ClO4) were difficult

to interpret, as many of the proton signals of the ligand had complex splitting patterns
(Figure 3.8 and 3.9). The analysis of the spectra was further complicated by geminal
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splitting of each methylene group around the cyclam ring, giving rise to signals of
neighboring protons several ppm apart from one another, dependent on the configuration
on the ring (equatorial or axial). Identification of splitting patterns was also challenging
as protons in 3.5ox-BF4 and 3.5ox-ClO4 showed complex vicinal coupling as well.
Successful analysis of these spectra was ultimately accomplished using a combination of
1

H and 1H – 13C coupling 2D techniques (such as COSY and HSQC) alongside predictive

1

H and 13C NMR spectra generated using Spartan Parallel Suite ’18 software after

optimized computational structures were generated.

Figure 3.7: 1H NMR (400 MHz, DMSO-d6) spectrum of 3.5ox-BF4. Protons have been
assigned as indicated and were determined using a combination of 2D NMR analysis and
predicted chemical shifts from computationally generated structures.
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Figure 3.8: 13C NMR (100 MHz, DMSO-d6) spectrum of 3.5ox-BF4. Carbons have been
assigned as indicated and were determined using a combination of 2D NMR analysis and
predicted chemical shifts from computationally generated structures

Cyclic voltammetry (CV) of 3.5ox-BF4 under N2 showed a quasi-reversible oneelectron wave (half wave potential (E1/2) = -0.66 V, vs Fc/Fc+) which was consistent with
[CoIII(cyclam)]3+ complexes previously reported and attributed to the CoIII/CoII couple
(Figure 3.9).70, 111 An irreversible one-electron reduction and oxidation were observed at
peak potentials (Ep) = -1.73 V and Ep = -0.06 V, respectively. The former reduction peak
was likely involved loss of Cl–. The later oxidation peak appeared only on the return
wave which indicated addition of a solvent molecule (MeCN) to the open metal site. A
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quasi-reversible one-electron reduction wave (E1/2 = -2.11 V) was consistent with
previous reports with [CoIII(cyclam)]3+ for the CoII/CoI couple.70

Figure 3.9: Cyclic voltammetry of 3.5ox-BF4 (1 mM) under N2 in dry MeCN with 0.1 M
[NBu4][PF6] supporting electrolyte, at varying scan rates.

3.1.4. Synthesis of the Deprotonated (–1)Dieno Complex
Deprotonation of 3.5ox-BF4 at the C-position to form the CoIII(–1)dieno-Cl2
complex (3.6) was the next step towards an easily modifiable cyclam core (Scheme
3.7).113 Multiple attempts were made to generate this complex by direct deprotonation of
the 3.5ox-BF4 using 1 M NaOH, however these experiments all resulted in an intractable
paramagnetic material similar to that observed in the attempted isolation of 3.4-PF6
discussed in section 3.1.3. Deprotonation of NiII(cyclamimine)2+ complexes proceed
without complications.110 The apparent reduction of the Co-center to create a
paramagnetic Co-complex (or at least paramagnetic impurities) was an unexpected result
under these reaction conditions. The paramagnetic material generated was believed to
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result from the direct reduction of Co(III) to Co(II) by NaOH. Degradation of the
cobalt(II) cyclamimine was therefore attributed to the O2 instability we previously
observed [3.1.3].

Scheme 3.7: Attempted deprotonation of 3.5ox-BF4 to generate 3.6-Cl.

To prevent direct reduction of cobalt, several weaker bases (K2CO3, NEt3 and
N,N-diisopropylethylamine (DIPEA)) were used to deprotonate 3.5ox-BF4.
Deprotonation experiments with K2CO3 and NEt3 both resulted in the same paramagnetic
intractable mixture and the desired complex (3.6) could not be isolated. 1H NMR
spectroscopy of the material isolated from deprotonation using DIPEA showed only the
starting complex 3.5ox-BF4 which resulted from the failure to deprotonate the complex.
Using an excess of DIPEA also failed to affect the deprotonation of 3.5ox-BF4.
Further literature investigation revealed only a few published results on the
deprotonation of cobalt cyclamimine complexes.108, 110 A study by Switzer and coworkers showed that deprotonation of [CoIII(cyclamimine)]3+ forms the desired [CoIII(–
1)dieno]2+ as only a brief intermediate (Figure 3.10).111 The delocalized charge of the
resulting metallocycle was reported to be reducing enough to then reduce the cobalt
center from Co(III) to Co(II). This reduction resulted the localization of a radical at the
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C-position of the ligand. In the absence of O2, this radical can then go on to form a
dimerized complex. Under ambient conditions, the radical is O2 sensitive and has been
reported to readily form the complex with an oxidized ligand. This is in line with our
previous observation of the ketone structure 3.7, which we characterized by X-ray
crystallography (Figure 3.6).111 Neither the dimer nor the ketone complex could be
observed in the deprotonation reactions of 3.5ox-BF4, and we assumed that exposure to
O2 caused degradation.

Figure 3.10: Observed instability of [CoIII(cyclamimine)]3+ to deprotonation.111

Switzer and co-workers describe that exchange of the Cl– ligands for NCS– causes
the reduction potential of Co(III) to Co(II) in the cyclamimine complex to shift to more a
negative potential (from 0.278 V to -0.079 V, vs NHE).120, 111 The shift in reduction
potential prevented the reduction of cobalt upon deprotonation of the ligand and allowed
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isolation of the neutral complex. Our initial attempt to generate the deprotonated complex
CoIII(–1)dieno-(NCS)2 (3.6-NCS) following the procedure reported by Switzer was
unsuccessful. An excess of NaSCN in a deaerated aqueous solution of 3.5ox-BF4 was
heated to 50 oC and stirred for 30 minutes before the addition of a deaerated solution of 1
M NaOH. 1H and 13C NMR spectroscopy of the resulting materials showed broad signals
and were indicative of the presence of paramagnetic cobalt(II) species, and the desired
3.6-NCS could not be isolated.
Synthesis of [CoIII(cyclamimine)(NCS)2]BF4 (3.5ox-NCS) by addition of excess
NaSCN to 3.5ox-BF4 was attempted to confirm if the conversion to the diisothiocyanate
was successful. Isolation of 3.5ox-NCS was achieved in high yield (88%) after 24 h and
the complex precipitated as a dark red solid. Attempts to grow crystals of 3.5ox-NCS
suitable for diffraction were unsuccessful. The complex was characterized by 1H and 13C
NMR spectroscopy and the X ligands were confirmed to be isothiocyanates by FT-IR
spectroscopy that displayed the characteristic stretching band at 2076 cm-1, which was
assigned to the N=C.120 The carbon signals of both NCS– ligands were not observed in
the 13C NMR spectrum of 3.5ox-NCS, which were predicted to be between 180 – 160
ppm. Lack of the NCS– carbon signals was believed to result from either a significant
downfield shift of the signals relative to the predicted range, or from signal dampening
caused by resonance structures of the coordinated isothiocyanates. The latter has been
reported to cause a complete disappearance of the carbon signal due to the low relative
concentration of each resonance form of the isothiocyanate.121
To optimize the reaction time required to form 3.5ox-NCS, deaerated aqueous
solutions of 3.5ox-BF4 and NaSCN (4.5 – 5 equivalents) was heated for between 0.5 – 12
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h. Deaerated 1 M NaOH was then added to each solution and the resulting materials were
analyzed by 1H NMR spectroscopy to observed at which time deprotonation ceased to
produce paramagnetic materials. We found that complete conversion of the X ligands
was achieved after reaction for 3 h at 50 oC. Deprotonation of 3.5ox which contained a
mixture of X ligands (both Cl and NCS) was accomplished to determine if the mixed
ligand complex [CoIII(cyclamimine)Cl-NCS]BF4 had a sufficiently shifted reduction
potential to survive deprotonation (Figure 3.11). Based on the observed paramagnetic
peaks in the 1H NMR spectrum of the resulting deprotonated material, we concluded that
full conversion of the X ligands from Cl– to NCS– was required to avoid reduction of the
cobalt center.

Figure 3.11: Mixed X-ligands in 3.5ox obtained by incomplete conversion of Cl– to
NCS–.

Generation of the deprotonated complex CoIII(–1)dieno-(NCS)2 (3.6-NCS) was
accomplished in one pot under rigorously inert conditions by X ligand exchange of
3.5ox-BF4 using NaSCN (4.5 equivalents) followed by deprotonation with deaerated 1 M
NaOH (Scheme 3.8). The neutral complex, 3.6-NCS, precipitated out of the aqueous
solution as a pink air and moisture stable solid in quantitative yield. Characterization of
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the complex was accomplished by 1H and 13C NMR spectroscopy, which showed both a
sharp singlet integrating to 1 H for the single proton remaining at the C-position, and a
downfield shift of about 40 ppm (to 91.5 ppm) for the carbon at the C-position.
Disappearance of the signals assigned to the imine stretching frequency, normally found
around 1689 cm-1, was confirmed by FT-IR spectroscopy.

Scheme 3.8: Synthesis of 3.6-NCS by conversion of 3.5ox-BF4 with excess NaSCN to
3.5ox-NCS followed by deprotonation with 1.0 M NaOH.

With the successful generation of 3.6-NCS, modification at the C-position of the
cyclam core is possible by nucleophilic substitution of an alkyl halide. During the
modification reaction, the imines are reformed and will require reduction in order to
prevent unwanted side reactions (such as oxidation at the C-position). Modification of
3.6-NCS, reduction of the imines of the resulting complex, and photocatalysis with the
synthesized catalysts are discussed in Chapter 4.

3.2 Conclusion
Initial attempts to generate C-functionalized cyclams using the methods described
by Sargeson and others for the synthesis of sarcophagines and the analogous uncaged
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complexes were unsuccessful. With both [CoII(en)2]2+ 3.2 and [CuII(en2)]2+ 3.3
complexes, condensation of aqueous formaldehyde was not observed to produce the key
imines needed for nucleophilic substitution onto nitromethane, which was also not
observed. Similar results were observed in the attempted condensations and subsequent
cyclizations with [CoII(2,3,2-tetraamine)]2+ 3.4 complexes. Lack of success with this
route was believed to result from a combination of the high pH, which made the final step
of the condensation unfavorable, and/or from the high stability of the potentially formed
imines which has been observed to hinder nitromethane substitution.
Generation of the cyclam-like complex [CoIII(cyclamimine)Cl2]Cl 3.6ox was
successful in a reasonable yield after conditions were optimized by the addition of an
oxidation step to remove the inherent air and moisture sensitivity of the
[CoII(cyclamimine)]2+ complexes. Deprotonation of [CoIII(cyclamimine)Cl2]Cl 3.5ox
using strategies reported for the analogous nickel complexes was unsuccessful, as the
resulting CoIII(–1)dieno-(Cl2) 3.6-Cl complex was easily reduced by the delocalized
charge of the metallocycle which caused a cascade of decomposition pathways.
Exchanging the X ligands for isothiocyanates shifted the reduction potential of Co(III) to
Co(II) by approximately -0.3 V and made this deprotonation step possible. With ligand
exchange, CoIII(–1)dieno-(NCS2) 3.6-NCS was successfully synthesized in near
quantitative yields.
The facile generation of 3.6-NCS in a reasonable overall yield and timeframe
provides a useful starting material for the purposes of testing a multitude of differently
modified cyclam molecular catalysts. With this complex it is now possible to append
linkers to the C-position of cyclam-like complexes without the need for individual
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synthesis of modified cyclam ligands which are synthetically challenging and inefficient.
Generation of hybrid molecular photocatalysts from 3.6-NCS requires only a pair of
further synthetic steps including substitution of the desired linker and reduction of the
ligand imines. Both of these steps are discussed in Chapter 4.

3.3 Experimental
3.3.1. Materials and Instrumentation
Solvents and reagents were deaerated with bubbling N2 for 1 h prior to use when
specified as deaerated. Solvents were dried using 3 Å molecular sieves for at least 24 h.
All other reagents were used as purchased without further purification. NMR experiments
were carried out on either a Varian mercury 400 MHz, or a 500 or 700 MHz Bruker
instrument at 298 K and analyzed using MestReNova software. 1H and 13C NMR data
recorded in CDCl3 and DMSO-d6 used residual internal standards CHCl3 (1H δ 7.26, 13C
δ 77.16) and DMSO (1H δ 2.50, 13C δ 39.52) respectively. Elemental analysis was
accomplished at Atlantic Microlabs in Norcross, GA. FT-IR spectroscopy was carried out
using a Thermo Nicolet iS10 FTIR and data was analyzed using the OMNIC 8 software.
UV-Vis spectra were generated using a Cary 50 UV-Vis Spectrophotometer. X-ray
crystallography was accomplished using a Bruker SMART X2S benchtop
crystallographic system at 300.15 K or performed by Dr. Jerome Robinson at Brown
University. DFT calculations were completed using Spartan Parallel Suite ’18, optimized
at the B3LYP functional level with the 6-31+G* basis set.
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Cyclic voltammetry was carried out using a BASi EmStat3+ potentiostat and BASi
electrodes and performed under a continuous N2 stream in an electrochemical cell with
0.1 M [NBu4][PF6] supporting electrolyte in 3Å molecular sieve-dried MeCN, using a 3
mm glassy carbon working electrode, Pt wire counter electrode, and 0.1 M AgNO3
pseudo-reference electrode with ferrocene (Fc) added as an internal reference.

3.3.2. Experimental Procedures

[CoII(en)2](NO3)2 (3.2)
Ethylenediamine (4.12 g, 68.7 mmol) was added dropwise in two portions to a
stirred solution of cobalt(II) nitrate hexahydrate (10.0 g, 34.4 mmol) in MeOH (40 mL).
The solution was stirred for 1 h before it was cooled to -78 oC and filtered. The resulting
brown solid was dried in vacuo at 75 oC overnight. Yield 3.78 g (32%). Structure
confirmed by crystallographic analysis of oxidized product [CoIII(en)2Cl2]+ cocrystallized with CoCl4 and Co(DMF)6. UV-vis absorption spectra showed a lack of the
λmax of ~360 nm in the typical [CoIII(en)3]3+ complexes.
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[CuII(en)2](NO3)2 (3.3)
Ethylenediamine (1.55 g, 25.8 mmol) was added dropwise in two portions to a
stirred solution of cupric nitrate (3.0 g, 12.9 mmol) in MeOH (40 mL). The solution was
stirred for 1 h before it was cooled to -78 oC and filtered. The resulting brown solid was
dried in vacuo at 75o C overnight. Yield 3.16 g (80%). Structure confirmed by
crystallographic analysis and by melting point analysis (204 – 206 oC).

[CoII(2,3,2-tetraamine)](NO3)2 (3.4)
2,3,2-Tetraamine 2.9 (2.16 g, 13.5 mmol) was dissolved in 200 proof EtOH (400
mL) and cobalt(II) nitrate hexahydrate (3.94 g, 13.5 mmol) was added to the solution in
one portion. The solution was stirred at RT for 2 h then filtered and the resulting brown
solid was dried in vacuo overnight. Yield 2.39 g (69%) Structure confirmed by
crystallographic analysis after oxidation and anion exchange.
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[CoIII(2,3,2-tetraamine)Cl2]Cl (3.4ox-Cl)
Cobalt chloride (2.4 g, 10.0 mmol) was dissolved in DI H2O (120 mL) and 2,3,2tetraamine 2.9 (1.6 g, 10.0 mmol) was added and the solution was stirred for 1 h. Air was
then bubbled through a dilute sodium hydroxide (0.1 M) solution into the solution for 20
h. HCl (conc., 1.5 mL) was added to the resulting solution and solvents were removed
evaporation over a steam bath. The solid residue was recrystallized in dilute HCl and the
green crystalline material was collected. Yield 0.30 g (9%). 1H NMR (400 MHz, DMSOd6) δ 1.76 (br q, 1H, J = 14.2 Hz), 1.98 (br d, 1H, J = 14.2 Hz), 2.4 (m, 2H), 2.5-2.8 (m,
10H), 5.41 (m, 4H), 6.19 (m, 2H). 13C NMR (100 MHz, DMSO-d6) δ 28.5, 42.9, 48.3,
55.2. λmax = 625 cm-1.

[CoIII(Me2[14]-1,4-diene-N4)Cl2]ClO4 (3.5ox-ClO4)
(Caution: perchlorate salts of metal complexes are potentially explosive.)
Cobalt(II) acetate hexahydrate (3.99 g, 16.0 mmol) was dissolved in DI H2O
(40 mL), heated to boiling and deaerated with bubbling N2 for 1 h as it cooled to RT.
Deaerated 2,3,2-tetraamine 2.9 (2.56 g, 16.0 mmol) was added neat and dropwise to the
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solution which was then stirred for 15 min before neat deaerated acetyl acetone (3.11 g,
31.0 mmol) was added dropwise. The solution was refluxed overnight under a stream of
N2 then cooled to RT. HCl (conc. 10 mL) was added to the solution before the solution
was transferred to an Erlenmeyer flask equipped with a side arm charged with HCl
(conc.) (20 mL) and HBF4 (conc. 10 mL). The solution was aerated with bubbling air for
1 h before the suspension was filtered and the resulting green crystals were washed with
IPA and Et2O (3 × 10 mL each). Yield 2.08 g (28%). 1H NMR (400 MHz, DMSO-d6) δ
1.75 (q, 1H, CH2, J = 14.3 Hz), 2.00 (d, 1H, CH2, J = 14.3 Hz), 2.47 (s, 6H, CH3), 2.58
(q, 4H, CH2, J = 12.2 Hz), 2.75 – 2.98 (m, 4H, CH2), 3.62 (m, 2H, CH2), 4.17 (dd, 2H,
CH2, J = 13.6 Hz), 4.71 (m, 2H, CH2), 6.50 (m, 2H, NH). 13C NMR (100 MHz, DMSOd6) δ 21.7, 27.3, 48.8, 50.5, 52.9, 57.1, 174.9. IR (v, cm-1) 1691 cm-1. Anal. Calcd for
C12H24Cl3CoN4O4: C, 31.77, H, 5.33, N, 12.35. Found: C, 31.82, H, 5.24, N, 12.29.

[CoIII(Me2[14]-1,4-diene-N4)Cl2]BF4 (3.5ox-BF4)
Cobalt(II) acetate hexahydrate (39 g, 160 mmol) was dissolved in DI H2O (750
mL), heated to boiling and deaerated with bubbling N2 for 1 h as it cooled to RT.
Deaerated 2,3,2-tetraamine 2.9 (25g, 160 mmol) was added neat and dropwise to the
solution which was then stirred for 15 min before neat deaerated acetyl acetone (31 g,
32.0 mmol) was added dropwise. The solution was refluxed for 5 h under a stream of N2
and then cooled to RT. HCl (conc. 100 mL) was added to the solution with and the
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solution was then transfered to an Erlenmeyer flask equipped with a side are charged with
HCl (conc.) (200 mL) and HBF4 (conc. 100 mL). Air was bubbled through the solution
for 30 m and the resulting suspension was filtered. The resulting green crystals were
washed with dil. HBF4, IPA and Et2O (3 × 50 mL each) and dried in vacuo overnight.
Yield: 25.7 g (36 %) 1H NMR (400 MHz, DMSO-d6) δ 1.75 (q, 1H, CH2), 2.00 (d, 1H),
2.48 (s, 6H, CH2), 2.59 (m, 4H, CH2), 2.81 (m, 2H, CH2), 2.91 (m, 2H, CH2), 3.71 (m,
2H, CH2), 4.17 (m, 2H, CH2), 4.72 (s, 2H, CH2), 6.51 (s, 2H, NH). 13C NMR (100 MHz,
DMSO-d6) δ 23.0, 27.7, 48.8, 51.1, 53.7, 54.6, 176.3. IR (v, cm-1) 1691 cm-1. Anal. Calcd
for C12H24Cl3CoN4O4: C, 31.77, H, 5.33, N, 12.35. Found: C, 31.82, H, 5.24, N, 12.29.
UV−vis data (λmax, nm; MeCN): 265, ε (M-1m-1): 1.78x106.

[CoIII(Me2[14]-1,4-diene-N4)(NCS)2]BF4 (3.5ox-NCS)
A 0.001 M NaBF4 solution (10 mL) was deaerated at RT with bubbling N2 for 30
m before NaSCN (0.37 g, 4.5 mmol) was added. Cobalt complex 3.5ox-BF4 (0.20 g, 0.45
mmol) was added under a stream of N2, and the solution was refluxed for 24h. The red
solution was cooled to RT before HBF4 (1 mL) and NaBF4 (1 g) were added to saturate
the solution and precipitate the product. The resulting suspension was filtered over a 15
ml medium frit and the resulting red solid was washed with IPA (3 × 5 mL) and Et2O (3
× 10 mL). Yield 0.19 g (88%). 1H NMR (400 MHz, DMSO-d6) δ 1.79 (q, 1H, CH2, J =
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13.5 Hz), 2.11 (d, 1H, CH2, J = 15.7 Hz), 2.26 (q, 2H, CH2, J = 12.1 Hz) 2.57 (s, 6H,
CH3), 2.58 – 2.70 (m, 4H, CH2), 3.08 (m, 2H, CH2), 3.45 (m, 2H, CH2), 4.31 (m, 2H,
CH2), 4.78 (q, 2H, CH2, J = 42.8 Hz), 6.87 (m, 2H, NH). 13C NMR (100 MHz, DMSOd6) δ 23.3, 27.7, 49.9, 51.2, 54.5, 54.9, 178.1.

CoIII(-1)dieno-(NCS)2 (3.6-NCS)
Cobalt complex 3.5ox-BF4 (4.00 g, 9.10 mmol) and NaSCN (2.94 mg, 36.0
mmol) were dissolved in deaerated H2O (40 mL). The solution was then stirred at 50o C
for 3 h before deaerated 1 M NaOH (9.10 mL, 9.10 mmol) was added dropwise to the
solution. The resulting red suspension was filtered over a medium frit and washed with
EtOH, IPA and Et2O (3 × 10 mL each) before the pink solid was dried overnight in
vacuo. Yield 3.40 g (94 %). 1H NMR (500MHz, CDCl3) δ 1.85 (m, 1H, CH2), 2.22 (m,
1H, CH2), 2.24 (s, 6H, CH3), 2.76 (m, 2H, CH2), 2.88 (m, 2H, CH2), 3.03 (m, 2H, CH2),
3.13 (m, 2H, CH2), 3.75 (m 4H, CH2), 4.10 (br s, 2H, NH), 4.46 (s, 1H, CH). 13C NMR
(176 MHz, CDCl3) δ 22.8, 28.6, 49.9, 51.8, 54.8, 91.5, 160.6.
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3.3.3. Experimental Spectra
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Figure 3.12: UV-vis absorption spectra of 3.1 and 3.2 in DMF.
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Figure 3.13: UV-vis absorption spectrum of 3.5ox-BF4 in MeCN.
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Figure 3.14: UV-vis absorption spectrum of 3.6-NCS in MeCN.

Figure 3.15: 1H NMR (400 MHz, DMSO-d6) spectrum of 3.4ox.
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Figure 3.16: 13C NMR (100 MHz, DMSO-d6) spectrum of 3.4ox.
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Figure 3.17: 1H NMR (400 MHz, DMSO-d6) spectrum of 3.5ox-ClO4.
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Figure 3.18: 13C NMR (100 MHz, DMSO-d6) spectrum of 3.5ox-ClO4.
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Figure 3.19: 1H NMR (400 MHz, DMSO-d6) spectrum of 3.5ox-BF4.
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Figure 3.20: 13C NMR (100 MHz, DMSO-d6) spectrum of 3.5ox-BF4.
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Figure 3.21: COSY NMR (400 MHz, DMSO-d6) spectrum of 3.5ox-BF4.
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Figure 3.22: 1H – 13C HSQC NMR (DMSO-d6) spectrum of 3.5ox-BF4.
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Figure 3.23: 1H NMR (400 MHz, DMSO-d6) spectrum of 3.5ox-NCS.
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Figure 3.24: 13C NMR (100 MHz, DMSO-d6) spectrum of 3.5ox-NCS.
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Figure 3.25: 1H NMR (500 MHz, CDCl3) spectrum of 3.6-NCS.
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Figure 3.26: 13C NMR (176 MHz, CDCl3) spectrum of 3.6-NCS.

3.3.4. Crystallographic Data Tables

Table 3.1: Crystallographic data table for 3.1.

Empirical formula

C6H20CoN9O9

Formula weight

422.75

Temperature/K

300.15

Crystal system

monoclinic

Space group

Pc

a/Å

12.3296(15)
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b/Å

8.5981(13)

c/Å

15.403(2)

α/°

90

β/°

90.023(5)

γ/°

90

Volume/Å3

1632.9(4)

Z

4

ρcalcg/cm3

1.720

μ/mm-1

1.117

F(000)

878.0

Crystal size/mm3

0.23 × 0.2 × 0.07

Radiation

MoKα (λ = 0.71073)

2Θ range for data collection/°

3.304 to 50.272

Index ranges

-14 ≤ h ≤ 14, -10 ≤ k ≤ 10, -18 ≤ l ≤ 18

Reflections collected

29034

Independent reflections

5782 [Rint = 0.0747, Rsigma = 0.0575]

Table 3.2: Crystallographic data table for 3.2ox.

Empirical formula

C6.5H17.5Cl3Co1.25N3.5O1.5

Formula weight

349.63

Temperature/K

300.15

Crystal system

triclinic

Space group

P-1

a/Å

9.2136(18)

b/Å

9.3888(17)

c/Å

16.855(3)

α/°

91.555(7)

β/°

94.969(7)
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γ/°

91.918(7)

Volume/Å3

1451.1(5)

Z

4

ρcalcg/cm3

1.600

μ/mm‑1

2.014

F(000)

691.0

Crystal size/mm3

0.6 × 0.29 × 0.07

Radiation

MoK α (λ = 0.71073)

2Θ range for data collection/°

2.426 to 50.17

Index ranges

-10 ≤ h ≤ 10, -11 ≤ k ≤ 11, -20 ≤ l ≤ 20

Reflections collected

28880

Independent reflections

5098 [Rint = 0.0432, Rsigma = 0.0284]

Data/restraints/parameters

5098/0/304

Goodness-of-fit on F2

1.101

Final R indexes [I>=2σ (I)]

R1 = 0.0294, wR2 = 0.0777

Final R indexes [all data]

R1 = 0.0402, wR2 = 0.0928

Largest diff. peak/hole / e Å-3

0.44/-0.40

Table 3.3: Crystallographic data table for 3.3.

Empirical formula

C8H28Cu2N12O12

Formula weight

611.50

Temperature/K

300.15

Crystal system

triclinic

Space group

P-1

a/Å

8.022(12)

b/Å

9.995(14)

c/Å

8.278(14)

α/°

90

β/°

110.83(5)
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γ/°

90

Volume/Å3

620.3(17)

Z

1

ρcalcg/cm3

1.637

μ/mm‑1

1.788

F(000)

314.0

Crystal size/mm3

0.25 × 0.08 × 0.08

Radiation

MoK α (λ = 0.70973)

2Θ range for data collection/°

4.07 to 50.87

Index ranges

-9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -9 ≤ l ≤ 10

Reflections collected

6212

Independent reflections

2172 [Rint = 0.6150, Rsigma = 0.3397]

Data/restraints/parameters

2172/0/158

Goodness-of-fit on F2

0.720

Final R indexes [I>=2σ (I)]

R1 = 0.1025, wR2 = 0.1975

Final R indexes [all data]

R1 = 0.1909, wR2 = 0.2775

Largest diff. peak/hole / e Å-3

1.46/-1.51

Table 3.4: Crystallographic data table for 3.4ox-PF6.

Empirical formula

C7H20CoF6N4P

Formula weight

442.18

Temperature/K

173.17

Crystal system

monoclinic

Space group

P11/n

a/Å

6.3328(3)

b/Å

23.4041(12)

c/Å

10.7629(6)

α/°

90

β/°

101.754(2)
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γ/°

90

Volume/Å3

1561.76(14)

Z

4

ρcalcg/cm3

1.881

μ/mm‑1

1.666

F(000)

865.0

Crystal size/mm3

?×?×?

Radiation

MoK α (λ = 0.71073)

2Θ range for data collection/°

4.24 to 55.122

Index ranges

-8 ≤ h ≤ 8, -30 ≤ k ≤ 30, -13 ≤ l ≤ 13

Reflections collected

42921

Independent reflections

3601 [Rint = 0.0449, Rsigma = 0.0239]

Data/restraints/parameters

3601/0/190

Goodness-of-fit on F2

1.025

Final R indexes [I>=2σ (I)]

R1 = 0.0397, wR2 = 0.1250

Final R indexes [all data]

R1 = 0.0455, wR2 = 0.1387

Largest diff. peak/hole / e Å-3

0.74/-0.80

Table 3.5: Crystallographic data table for 3.7.

Empirical formula

C12H22Cl3CoN4O5

Formula weight

467.61

Temperature/K

173.19

Crystal system

orthorhombic

Space group

Pbca

a/Å

11.7961(8)

b/Å

13.2021(9)

c/Å

23.3005(16)

α/°

90

β/°

90
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γ/°

90

Volume/Å3

3628.7(4)

Z

8

ρcalcg/cm3

1.712

μ/mm‑1

1.419

F(000)

1920.0

Crystal size/mm3

?×?×?

Radiation

MoK α (λ = 0.71073)

2 Θ range for data collection/°

4.914 to 55.172

Index ranges

-15 ≤ h ≤ 15, -17 ≤ k ≤ 17, -29 ≤ l ≤ 30

Reflections collected

70583

Independent reflections

4179 [Rint = 0.0772, Rsigma = 0.0290]

Data/restraints/parameters

4179/0/228

Goodness-of-fit on F2

1.040

Final R indexes [I>=2σ (I)]

R1 = 0.0356, wR2 = 0.0813

Final R indexes [all data]

R1 = 0.0476, wR2 = 0.0871

Largest diff. peak/hole / e Å-3

0.49/-0.74
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Chapter IV. Modification and Photocatalysis of C-Functionalized
Cobalt Cyclam Complexes
4.0 Introduction
Compared to N-functionalized cyclams, C-functionalized cyclams are less well
studied. Furthermore, unique examples of intentionally designed C-functionalized cobalt
cyclams are rare (Figure 4.1).76, 122 One of these is the anthracene modified cobalt cyclam
derived from the condensation method using a modified diester and 2,3,2-tetraamine as
described previously.76 The only other examples are those reported by Sargeson and coworkers, in which a pair of C-C-modified cobalt cyclam-R1-R2 complexes (R1 = CH2, R2
= CH2 or CH2NH2(CH2)2NH3) were synthesized by two deconstruction pathways of a
dichloride cobalt sarcophagine complex.122

Figure 4.1: [CoIII(1-methylanthracyl-cyclam)Cl2]Cl a) synthesized by Funston and coworkers.76 C-C modified [CoIII(cyclam-R1-R2)Cl2]Cl complexes b) and c) synthesized by
Sargeson and co-workers.122
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Neither of these examples were synthesized using an efficient synthetic route and
a more efficient route for the generation of C-functionalized cyclams was later reported
by Ford and co-workers for the facile modification of a nickel cyclamimine (Scheme
4.1).123 This synthetic route used a nickel (–1)dieno complex analogous to 3.6-NCS
which has been synthesized previously by Switzer and repeated by us here.120 Despite
these reports, no examples CoIII(–1)dieno modification have been reported and there
remains a gap in the literature for rationally designed C-functionalized cobalt cyclams.
With this synthetic route as a possibility and the successful generation of 3.6-NCS
reported herein, modification of CoIII(–1)dieno is now theoretically accessible without the
need to generate the analogous nickel complex and the additional
demetallation/remetallation steps.123

Scheme 4.1: Modification route of a [NiII(-1)dieno]+ complex described by Ford and coworkers.123
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Reduction of the imines, which are reformed during the modification step, is then
required to prevent potential non-covalent interactions between the resulting π system
and the PS surface which were previously reported.69 Additionally, despite literature
precedent to the contrary, we discovered here that reactivity of the C-position carbon of
cyclamimine complexes is retained, albeit to a lesser extent following C-modification.113
Various borohydride reduction methods of coordinated imines have been reported in the
literature, however none of these methods have been used in systems with both cobalt(III)
and a cyclam or cyclamimine ligand.117, 124 As a result, further investigation into the
reduction of the imines in a modified cobalt cyclamimine is required.
A synthetic method for the modification of 3.6-NCS using a pair of alkyl
bromide functionalized aromatic compounds, benzyl bromide and 1-bromomethyl
pyrene, to generate the benzyl-modified cyclamimine (4.2) and pyrene-modified
cyclamimine (4.3) is reported herein (Scheme 4.2). These modifications function as
simple non-covalent anchoring groups for C3N4 PSs surfaces. Included in this
investigation is the synthetic strategy devised for the subsequent reduction of the
resulting imines of both aryl-modified cobalt cyclamimine complexes to the saturated
benzyl complex (4.4) and the saturated pyrenyl complex (4.5). Following the synthesis of
these target complexes, we describe a preliminary examination of the photocatalytic
activity of 4.4 and 4.5 in both homogeneous and hybrid systems where the catalyst is
non-covalently anchored to C3N4 for light driven CO2 reduction.
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Scheme 4.2: General synthetic route for modification of 3.6-NCS to form 4.2 and 4.3 and
the subsequent reductions of each to the saturated complexes 4.4 and 4.5.

4.1 Results and Discussion
4.1.1. Modification of (–1)Dieno Complexes
The strategy to synthesize C-functionalized cyclams made use of the in situ
generation of 3.6-Cl by deprotonation of 3.5ox-BF4 with a base in the presence of an
alkyl halide. The one-pot approach typically failed to produce the desired C-modified
complex due to the challenges with deprotonation of the dichloride complex 3.5ox-BF4
previously discussed.111 A modification of this method was discovered that was
successful and used 3.5ox-BF4 in a rigorously deaerated system (Scheme 4.3).
Deprotonation of 3.5ox-BF4 with K2CO3 and treatment of the resulting complex with pbromobenzyl bromide, gave the benzyl bromide-modified complex (4.1) in a low yield
(22%).
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Scheme 4.3: One pot synthesis of modified cyclam complex 4.1 from 3.5ox-BF4.

The complex did not visually degrade upon deprotonation as it had in previous
attempts when we tried to isolate 3.6-Cl. Additional attempts to replicate this direct
modification of 3.5ox-BF4 by in situ deprotonation using different solvents, bases, or
alkyl halides gave only degradation products similar to those previously discussed in
section 3.1.3. Deprotonation of 3.5ox-NCS to form 3.6-NCS in the presence of a 1bromooctane was also attempted, however the desired C-modified product could not be
isolated. Due to issues with reproducibility, the in situ deprotonation of 3.5ox-BF4 was
abandoned, and focus was shifted to the use of 3.6-NCS as the starting material.
Further attempts to modify 3.6-NCS initially targeted the generation of 4.3 using
1-bromomethyl pyrene. Owing to availability and cost of 1-bromomethyl pyrene
however, a model complex bearing a benzyl group (4.2) was targeted for synthetic
optimization of the 3.6-NCS modification procedure (Scheme 4.4). Complex 4.2 also
served as an additional catalyst for hybrid photocatalytic testing, particularly for
investigating differences in anchoring phenyl and pyrenyl non-covalently to C3N4.
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Scheme 4.4: Synthesis of the benzyl-modified (4.2) and pyrenyl-modified (4.3) diimine
Co(III)-complexes.

Modification of 3.6-NCS required an inert atmosphere and dry, deaerated solvents
and reagents to mitigate protonation of the anionic ligand framework and/or oxidation.
Initial attempts to generate 4.3 were carried out by refluxing 3.6-NCS with 1bromomethyl pyrene in the presence of a slight excess of NaBF4 which was added to act
as a counter ion and to promote the generation of an easily crystallized salt.
Crystallographic data discussed later would show that the addition of NaBF4 was
unnecessary, as both 4.2 and 4.3 could be generated as bromide salts. Purification and
isolation of 4.3 proved challenging due to excess salts in the resulting crude product
mixtures and as a result recrystallization of 4.3 was unsuccessful. In addition, attempts to
recrystallize crude 4.3 often resulted in the slow degradation of the complex from
exposure to ambient conditions.
Degradation of 4.3 under ambient conditions was identified by the presence of 1pyrenemethanol and 1-pyrenecarboxaldehyde in the 1H NMR spectrum, which were
suspected products of hydrolysis and oxidation of the ligand, respectively.125 An NMR
aging experiment was carried out after 4.3 was successfully synthesized to confirm that
the presence of 1-pyrenemethanol and 1-pyrenecarboxaldehyde in the mixture was due to
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degradation of 4.3 (Figure 4.2). In this experiment 4.3 was dissolved in DMSO-d6 which
had not been dried using molecular sieves and a 1H NMR spectrum of this sample was
taken initially, after 24 h exposure to atmosphere, and again after 4 days. After 24 h, two
new singlet proton signals appeared at 5.19 and 10.84 ppm corresponding to 1pyrenemethanol and 1-pyrenecarboxaldehyde, respectively, which both increased in
relative intensity after 4 days.125 In addition, an increased number of aromatic peaks were
observed between 8.75 – 7.75 ppm in the aged samples which likely resulted from the
decomposition of 4.3 and release of pyrene in multiple different chemical environments.
The identity of the doublet formed at ~9.4 ppm is unknown but is likely indicative of
additional oxidized pyrene decomposition products. This degradation pathway has not
been previously reported in the literature for modified cyclamimine structures.113, 126
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Figure 4.2: 1H NMR (700 MHz, DMSO-d6) spectra from the aging study of fresh 4.3
(3), the same sample after 24 h (2), and after 4 days (3).

In an attempt to prevent degradation of 4.3 during lengthy recrystallizations,
precipitation of the 4.3 using oxidation with O2 in acidic media (similar to the method
used in the synthesis of 3.5ox-BF4) was attempted as a purification method.111 This was
also done to re-oxidize any 4.3 which may have been reduced during the reaction.
Complex 4.3 was sparingly soluble in the aqueous media and successful precipitation of
the complex was not possible. Despite the failure to precipitate 4.3 from these mixtures,
partial purification of 4.3 was accomplished by filtration of the acidic suspension.
Purification of 4.3 from acidic media resulted from the protonation of unreacted 3.6-NCS
to reform 3.5ox-NCS which was more soluble than 4.3 and could be removed by
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filtration. When this reaction was allowed to reflux longer greater conversion was
achieved.
After repeated attempts to carry out the modification with 1-bromomethyl pyrene,
it was determined that temperatures of 50 – 60 oC and a reflux of at least 18 h were
required to produce 4.3 in the highest yields (up to 67%). This was believed to result
from the low solubility of 1-bromomethyl pyrene in acetone, which was one of the only
solvents capable dissolving both it and 3.6-NCS. Under these conditions, a pink
precipitate was formed after about 6 h which gradually increased in quantity until about
18 h. At this point no further precipitation was observed, no starting material could be
seen by TLC, and the reaction had proceeded as far to completion as it would go.
1

H and 13C NMR spectroscopy of the pink precipitate revealed that it was 4.3

contaminated with excess non-product pyrene material. This contamination was inferred
because the integration of peaks in the aromatic region of the 1H spectrum was too high
and indicated there were roughly 50% more protons present (~12 – 15 H) than expected
for this compound 4.3 (9 H). Dissolution of 4.3 in MeOH followed by filtration removed
a small portion of this aromatic impurity, which was obtained as an insoluble tan powder.
This tan powder was not fully characterized but appeared to be a mixture of pyrene and
other organic components by 1H NMR spectroscopy. Pyrene containing impurities were
likely sticking to the pyrene moiety of 4.3 and thus remained bound to the complex by π
– π interactions, which hindered further purification. This interaction was also observed
by the presence of 4.3 in the 1H NMR spectra of the isolated pyrene impurity when
dissolved in various solvents (Figure 4.3).
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The most effective purification method for isolation of 4.3 from the pink
precipitate was filtration of the chilled crude solution, followed by washing of the
filtercake with acetone, IPA, Et2O and CHCl3. The final wash with CHCl3 was vital as it
removed an unidentified yellow organic impurity believed to be the excess pyrene
material. After this filtration, the solid tan impurity (believed to be the yellow organic
impurity in CHCl3 filtrate) was no longer observed, and 4.3 was then isolated as red solid.
1

H NMR spectral analysis of 4.3 after washing with CHCl3 showed the expected

integration for protons in the aromatic region (~9 H) and indicated that the impurity was
successfully removed.

Figure 4.3: 1H NMR (700 MHz) spectra of the pyrene impurity separated from 4.3 in
DMSO-d6 (top) and CDCl3 (bottom).
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Crystallization of 4.3 was unsuccessful due to the low solubility of the complex
which made the generation of small-volume concentrated solutions difficult without
inducing precipitation of non-crystalline material. The successful generation of 4.3 was
later confirmed after generation of diffraction quality crystals was accomplished on a
product of the following reduction step. Results from the reduction of 4.3 are discussed in
section 4.1.2., but the crystal structure obtained from this product showed the pyrene
modification of 3.6-NCS was successful and resulted in the formation of a bromide salt,
and not a tetrafluoroborate salt as previously believed. The only source of bromide in
these reactions was the alkyl bromide during the substitution reaction with either 1bromomethyl pyrene or benzyl bromide. As a result, the addition of NaBF4 was removed
from the procedure with no observable changes in yield or purity.
The benzyl-modified complex (4.2) was successfully synthesized by adaptation of
a literature procedure used to synthesize the analogous nickel complex.123 In this
procedure, benzyl bromide was added to 3.6-NCS in EtOH and refluxed for 4 h. After 4
h, a pink precipitate formed, similar to that described in the synthesis of the 4.3. Filtration
of the pink precipitate followed by washing with cold EtOH and hexanes allowed
isolation of 4.2 in yields between 50 and 70%. An issue was encountered during attempts
to scale up this reaction however, and when benzyl bromide was added to the solution of
3.6-NCS too soon, or if the solution was heated prior the addition of benzyl bromide, 4.2
was isolated in a significantly lower yield (< 10%). If the solution of 3.6-NCS was
allowed to stir for at least 5 min at room temperature prior to the addition of benzyl
bromide this was no longer an issue.
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Complex 4.2 also had low solubility but was successfully crystallized by slow
evaporation from dry MeOH. This crystal was not the desired benzyl-modified complex,
but instead contained both the benzyl group and an alcohol at the C-position (4.2-OH)
(Figure 4.4). The mechanism of 4.2-OH formation is unknown but likely occurs by O2
coordination similar to 3.7. 1H NMR spectroscopy of 4.2 prior to crystallization showed
that the complex was protonated at the C-position, as indicated by a triplet at 5.07 ppm.
The crystal structure of 4.2-OH is novel, but only qualitative information could be gained
from it due to the low agreement with diffraction data (R1 = 7.56%). Nitrogen bond
lengths (N=C 1.268(1) Å and 1.271(1) Å) and angles (Co–N=C = 128.69o and 129.34o,
CH2–N=C = 119.88o and 120.82o, Co–N–CH2 = 110.31o and 110.18o) confirmed that the
imines are reformed after C-modification. The Imine Co–N bonds of 4.2-OH are shorter
(1.926(6) Å and 1.912(6) Å) than the amine Co–NH bonds (1.968(6) Å and 1.972(7) Å),
which also observed in the structure of oxidized ketone complex 3.7.
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Figure 4.4: Crystal structure (left) and structure (right) of 4.2-OH (black = C, blue = N,
red = O, dark blue = Co, yellow = S, pink = H). Drawn with 50% ellipsoid probability.

Reactivity at the C-position of C-modified cyclamimine complexes has not been
reported in the literature, however both the degradation of 4.3 to 1-pyrenemethanol and
1-pyrenecarboxaldehyde, and the generation of 4.2-OH from 4.2 illustrated that the Cposition is still a reactive site following modification.112 This reactivity likely results
from the cyclic diimine structure which is still present in the complexes following
modification. It seems as though the remaining proton at the C-position is reasonably
acidic. In addition, the addition of the alkyl chain to the C-position is an irreversible
process driven by the stability of the delocalized anion. While 4.2 and 4.3 react relatively
slowly, the reactivity of this site adds potential complications for photocatalytic testing.
Degradation and/or loss of the pyrene linker of 4.3 could result in homogenization of the
‘anchored’ catalysts during hybrid photocatalytic testing and result in reduced electron
transfer from the surface to the molecular catalyst. In addition, the conversion of 4.2 to
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4.2-OH under the catalytic conditions employed could have unknown effects on the
catalytic activity of this complex. Both of these possibilities are theoretically avoidable,
by the removal of water from the catalytic systems; however, it is possible that additional
unanticipated side reactions could still occur. To ensure stability during photocatalysis
with both 4.2 and 4.3, we postulate that it may be necessary to reduce the ligand imines to
amines.
CV with both 4.2 and 4.3 was accomplished under N2 (Figure 4.5 and 4.6). 4.2
exhibited a quasi-reversible one-electron wave (E1/2 = -0.61 V, vs Fc/Fc+) which was
attributed to the CoIII/CoII couple, as the E1/2 was similar to the same redox couple of
3.5ox-BF4 previously discussed and [CoIII(cyclam)]3+ reported in the literature.70, 111 An
additional reduction wave (Ep = -0.55 V) and two additional oxidation waves (Ep = -0.70
V and +0.06 V) at higher scan rates were attributed to the MeCN ligated species. The
irreversible one-electron reduction (Ep = -1.87 V) and quasi-reversible one-electron wave
(E1/2 = -2.10 V) were attributed to the loss of NCS– and the CoII/CoI couple, respectively,
based on the analogous waves observed in the voltammogram of 3.5ox-BF4 (Figure 3.9).
4.2 also exhibited a new quasi-reversible one-electron wave (E1/2 = +0.15 V) which was
attributed to ligand oxidation which was not observed with 3.5ox-Cl and likely involved
the benzyl moiety.
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Figure 4.5: Cyclic voltammetry of 4.2 (1 mM) under N2 in dry MeCN with 0.1 M
[NBu4][PF6] supporting electrolyte, at varying scan rates.

Redox waves of 4.3 were broad compared to 4.2 and 3.5ox-BF4, and no reversible
CoIII/CoII couple was observed (Figure 4.6). Instead, a broad pair of irreversible reduction
waves (Ep = -0.61 V and -1.05 V, vs Fc/Fc+) were attributed to the CoIII/CoII couple.
Irreversibility of the CoIII/CoII couple in 4.3 was potentially caused by loss of the pyrene
moiety after ligand oxidation, which was observed by the irreversible one-electron
oxidation (Ep = +0.35 V). The quasi-reversibility of ligand oxidation in 4.2 compared to
the irreversibility of ligand oxidation in 4.3 supports the observation that 4.3 decomposes
by loss of the pyrene moiety which was not observed with the benzyl moiety of 4.2. The
quasi-reversible one-electron redox wave (E1/2 = -2.09 V) and irreversible one-electron
reduction (Ep = -1.83 V) were attributed to the CoII/CoI couple and loss of NCS–,
respectively.
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Figure 4.6: Cyclic voltammetry of 4.3 (1 mM) under N2 in dry MeCN with 0.1 M
[NBu4][PF6] supporting electrolyte, at varying scan rates.

4.1.2. Reduction of Ligand Imines in Modified Cyclamimine Complexes
Following literature procedures by Ford and co-workers which were used to
reduce analogous nickel cyclamimine complexes, out initial attempts to reduce the ligand
diimines of 4.2 and 4.3 used a large excess of NaBH4 (15 equivalents) in a MeOH with
stirring for up to 3 h (Scheme 4.5).123 Purification of the crude reduced products (4.4 or
4.5) was attempted by filtration followed by washing with polar solvents (H2O, EtOH,
acetone and IPA) and/or dilute acid (HCl). This purification method was unsuccessful
however and neither the desired product (4.4 or 4.5) or the starting material (4.2 or 4.3)
could be isolated. Identification of 4.4 and 4.5 by NMR spectroscopy was also
unsuccessful due to contamination in both the aromatic and aliphatic regions of the
respective spectra.
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Scheme 4.5: General synthetic attempts to reductions 4.2 and 4.3 to the corresponding
reduced complexes 4.4 and 4.5. X-ligands varied based on work up.

Aliphatic and aromatic contamination observed in the 1H and 13C NMR spectra
from the initial reduction attempts of 4.2 and 4.3 was likely the result of degradation,
which was thought to occur by reduction of the cobalt center followed by decomplexation
of the metal. The resulting decomplexed cobalt(II) salts were then removed by filtration
in the work-up, leaving behind the reduced ligand, which could exist in multiple
conformations which accounts for the variety of signals observed in the 1H and 13C NMR
spectra. Reduction of Co(III) to Co(II) was likely because the metal centers of 4.2 and 4.3
were the only relevant difference from the reported procedure we followed.123 In
addition, various techniques for avoiding Co(III) reduction to Co(II) during ligand
reduction with borohydride reagents have been reported in the literature, which show that
this issue is common.123, 124, 130
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The reduction of either modified complex (4.2 or 4.3) generates four
stereocenters, which may help account for the complexity seen in the 1H and 13C NMR
spectra. Diastereomers of 4.4 and 4.5 are not expected to exhibit different catalytic
activities, as the mechanism of CO2 reduction by nickel cyclams and other cobalt based
tetraazamacrocycles is largely indifferent to inner-sphere stereochemistry.127, 128 In
addition, stereoselective reduction of 4.2 and 4.3 is likely not a synthetically accessible
option when attempting to design a simple, cost effective and high yielding approach. As
a result, optimization of these reduction procedures was focused on decreasing the
possibility of cobalt reduction. The potential reduction products of 4.2 and 4.3 are shown
below (Figure 4.7).

Figure 4.7: Potential reduction products of 4.2 and 4.3, generated stereocenters are
labeled in red. X-ligand composition was variable (Cl or NCS based on work up
procedure). C-position stereochemistry assumed from previous crystallographic data.

Reduction of 4.2 with NaBH(OAc)3 was attempted with the expectation that the
weaker hydride would not able to reduce cobalt(III), however after several trials, only
starting material was isolated following reaction. When the reduction of 4.2 was treated
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with NaBH(OAc)3 for 24 h, only a small amount of the mono-reduced benzyl complex
(4.4b) and mostly starting material were observed in the 1H NMR spectrum of the crude
product mixture (Figure 4.8). As a result, NaBH(OAc)3 was ruled out as a viable
reducing agent.

Figure 4.8: 1H NMR (700 MHz, DMSO-d6) spectra of 4.2 (bottom) and the crude
material isolated from the reduction of 4.2 with NaBH(OAc)3 after 24 h (top). Amine
proton peaks of 4.4b circled in red (X-ligand identity unknown).

Reduction of the cobalt(III) center by NaBH4 was later ruled out by NMR
spectroscopic analysis, which showed no paramagnetic material was generated in NaBH4
reduction of 4.2 and 4.3. As a result, the obscuring excess signal observed in the 1H and
13

C NMR spectra of previous reduction attempts was attributed to the presence of
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incomplete reduction products (4.4b and 4.5b), the presence of diastereomers of 4.4b and
4.5b, or diastereomers of the fully saturated complexes 4.4a and 4.5a, greatly
complicating the spectra (Figure 4.7).
Incomplete reduction of 4.2 and 4.3 was possible and could be due to the relative
weakness of NaBH4 as a reducing agent or by the fast decomposition of NaBH4 in
MeOH, which has been well documented in the literature.129 Based on the literature
precedent for the reduction of analogous nickel complexes with NaBH4, failure to fully
reduce 4.2 and 4.3 using a large excess of NaBH4 (15 equivalents) likely resulted from an
unanticipated increase in imine stability in cobalt(III) complexes compared to the
analogous nickel(II) complexes.123 This increased imine stability could be the result of
cobalt(III) being more acidic than nickel(II), which pulls electron density from the imines
making them less susceptible to borohydride reduction. The use of stronger hydride
reagents was a possible solution to this increased stability; however, these reagents were
also expected to reduce cobalt. Mitigating the decomposition of NaBH4 was therefore
further investigated to optimize the reduction procedure of 4.2 and 4.3.
To address the decomposition of NaBH4 in MeOH, an aqueous carbonate
(Na2CO3 or K2CO3) buffer (pH 10, 0.07 M) was used in place of MeOH for the reduction
of 4.2 and 4.3. This buffer system has been previously reported for NaBH4 reduction
procedures of cobalt(III) coordinated imines and carbonyls.117, 130 Specifically, when a
mild hydride reagent was selected for reduction of a sensitive substrate, a buffer solution
was used to speed up the reaction. In addition, the use of an aqueous pH 9 – 10 buffer in
NaBH4 reductions of cobalt(III) coordinated imines has been used to limit the reduction
of the cobalt(III) metal center.130
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Due to the insolubility of 4.3 in the aqueous carbonate buffer, initial attempts
using the carbonate buffer solvent system employed the more soluble benzyl-modified
complex 4.2 and previously described conditions.117, 130 This reduction method was
unsuccessful, and only starting material 4.2 could be isolated. Failure to reduce 4.2 under
these conditions was believed to result from either the low hydride concentration (5 – 6
equivalents), short reaction time (< 3 h), or the insufficient solubility of 4.2 in the
aqueous carbonate buffer.
To increase solubility of both 4.2 and 4.3 in the aqueous buffer, 30 – 50% MeOH
(v/v) was added. Previous studies have shown that introduction of up to 50% MeOH did
not significantly hinder the buffering capacity of aqueous buffers.131 Qualitative pH
comparison tests of the aqueous carbonate buffer and the methanolic carbonate buffer
were performed using 4-part universal pH indicator strips and confirmed that the addition
of MeOH did not significantly cause a shift in the pH. Addition of MeOH successfully
solubilized 4.2 and 4.3 in the reaction media. When NaBH4 reduction (5 equivalents) of
4.2 was attempted using the methanolic carbonate buffer, no starting material was
observed by 1H and 13C NMR spectroscopy of the resulting crude mixture (Figure 4.9).
The reaction generated several reduction products, as seen by the appearance of multiple
unique amine proton signals between 7.4 – 5.8 ppm and by splitting of the CH3 proton
signals into doublets between 1.8 – 1.2 ppm.
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Figure 4.9: Stacked and truncated 1H NMR (700 MHz, DMSO-d6) spectra of 4.2 (1) and
a crude mixture of reduction products (2). New peaks between 7.3 and 5.8 ppm in (2)
represent amine protons and doublet CH3 are observed around 1.6 ppm.

Reduction of all starting material (4.2) was successful with the addition of MeOH
to the buffer, however conversion to the fully saturated complex (4.4a) was not observed.
As a result, several more procedural modifications were made for the NaBH4 reduction of
4.2 and 4.3 in an attempt to promote complete reduction to the corresponding fully
saturated complexes 4.4a and 4.5a. These changes included increasing the total amount
of NaBH4 to 15 equivalents, increasing the reaction time to between 12 – 18 h, and the
addition of heat throughout each reduction (40 – 60 oC). Concentration of the carbonate
buffer was increased to account for the increase in hydride equivalents (0.21 M) and ion
exchange chromatography using Na+ form Dowex 50WX2 resin (200 – 400 mesh) was
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added to the purification procedure to remove borohydride salts from the crude product
mixtures.
Ion exchange chromatography was accomplished by loading the crude product
solutions directly onto the resin followed by elution with 3 – 5 M HCl/MeOH. Reduction
products were typically isolated from the resin in two fractions based on the color of the
eluted solution. The first and smaller fractions were dark red in color, green for the larger
second fractions, which indicated X-ligand exchange from NCS– to Cl– in the
concentrated HCl eluent. While the specific X-ligand composition of the resulting
complexes was not considered significant, the X-ligands were recorded and are denoted
here for each product if known, and not specified when unknown.
Multiple methanolic buffered NaBH4 reduction reactions of 4.2 and 4.3 were
attempted with these procedural changes, however, 1H NMR spectroscopy showed
production of a mixture of reduction products and isolation of either fully saturated
complex (4.4a or 4.5a) was unsuccessful. In an effort to separate the fully saturated
complexes (4.4a and 4.5a) from these mixtures, each was further purified 2 – 3 times by
column chromatography on silica. Column chromatography of these mixtures produced
several visible when on the column, the slowest eluting band was green and was believed
to be the fully reduced complex (4.4a-Cl and 4.5a-Cl). These bands were tightly packed
(Rf of each layer differed by ~ 0.1 cm) and isolation of any single compound was
challenging. Unfortunately, after several purification attempts with both complex
mixtures (4.4a and 4.5a) pure product could not be isolated. Analysis of the purified
products by 1H NMR spectroscopy revealed that each sample was likely a mixture of 2 or
3 reduction products. Identification of any individual reduction product (4.4a, 4.4b, 4.5a,
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or 4.5a) was especially challenging by NMR spectroscopy alone, due to multiple
overlapping signals in the aliphatic range and by the presence of up to 5 chemically
unique amine proton peaks.
Identification of the reduction products (4.4a, 4.4b, 4.5a, and 4.5a) was ultimately
accomplished by crystallographic analysis after samples from the reduction of 4.2 and 4.3
produced diffraction quality crystals by slow evaporation of the NMR solvent (CDCl3).
Analysis of the first sample showed the mono-unsaturated benzyl complex (4.4b-Cl),
which resulted from the incomplete reduction of 4.2 (Figure 4.10).

Figure 4.10: Crystal structure of 4.4b-Cl, hydrogens omitted for clarity. Drawn with 50%
ellipsoid probability.

The imine of 4.4b-Cl was identified in by the short N=C bond length (1.297(5) Å)
compared to the reduced amine N–C (1.482(4) Å). The N=C bond length was slightly
longer than those of 4.2-OH (1.268(1) Å and 1.271(1) Å) and of the unmodified complex
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3.7 (1.266(3) Å and 1.271(3) Å) (Figures 3.6 and 4.4). Presence of the imine was also
confirmed by the characteristic sp2 bond angles of the imine carbon (N=C–CH3 =
122.11o, N=C–CH = 120.45o, and CH–C–CH3 = 116.46o), and the imine nitrogen (C=N–
Co = 126.96o, CH2–N–Co = 110.25o, and CH2–N=C = 118.89o). The Co–N bond length
of the imine (1.956(4) Å) was only slightly shorter than the Co–NH bond of the reduced
amine nitrogen (1.986(3) Å) and the remaining coordinated amine nitrogens Co–NH
bonds (1.975(3) Å and 1.970(3) Å). The imine Co–N bond of 4.4b-Cl was the longest
observed in any cobalt cyclamimine structure described here or in the literature, which
are typically around ~1.92 Å.108, 113 In addition, these bonds are significantly longer than
those observed in modified nickel cyclamimine complexes which are typically found
around ~1.88 Å.123 Agreement between the structure of 4.4b-Cl and diffraction data was
insufficient for additional quantitative analysis (R1 = 5.68%).
The second sample was isolated from the reduction of 4.3 and contained a mixture
of both the fully saturated dichloride complex (4.5a-Cl) and the fully saturated chlorideisothiocyanate complex (4.5a-Cl-NCS) (Figure 4.11). The crystal structure of 4.5a-Cl
and 4.5a-Cl-NCS was observed with disorder which resulted from co-crystallization and
temperature induced distortion in the positions of the carbon atoms in the pyrene moiety.
Disorder of pyrene in the structure appeared as 3 – 4 overlapping pyrene moieties which
resulted from a 9 – 45o rotation about the bond between the C-position and the methylene
bridge. The length of Co–Cl bond present in both 4.5a-Cl and 4.5a-Cl-NCS was 2.240(2)
Å, which was slightly smaller than the analogous Co–Cl bonds found in 4.4b-Cl
(2.258(1) Å and 2.256(1) Å). The second Co–Cl bond of 4.5a-Cl was shorter at 2.107(8)
Å and the Co–N bond of the isothiocyanate in 4.5a-Cl-NCS was 2.06(2) Å. Agreement
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between the structure of 4.5a-Cl-NCS and diffraction data was insufficient for additional
quantitative analysis (R1 = 7.49%). Both crystal structures (4.4b-Cl and 4.5a-Cl/4.5a-ClNCS) showed identical stereochemistry and presented no evidence of formation of more
than one diastereomer.

Figure 4.11: Crystal structure of 4.5a-Cl-NCS with relevant stereochemistry denoted by
hydrogen position. Other hydrogens, 4.5a-Cl, Cl– counter anion, and pyrene distortion
removed for clarity. Drawn with 50% ellipsoid probability.

1

H and 13C NMR spectroscopy of remaining crystals did not show the isolated

complex 4.4b-Cl or the mixture of 4.5a-Cl and 4.5a-Cl-NCS. These spectra were
observed as mixtures identical to the solutions in which the crystals were grown (Figure
4.12). This difference in crystal composition compared to the NMR samples indicated the
crystals were comprised of the majority component, which crystallized preferentially.
Comparison of the crystal structures and the respective 1H NMR spectra was then used to
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elucidate the NMR signals observed in 1H NMR spectra of these and previous reduction
mixtures. This investigation revealed the amine proton signals, which were commonly
observed as 5 individual peaks, belonged to the mono-unsaturated complex (4.4b or 4.5b)
and fully saturated complex (4.4a or 4.5a).

Figure 4.12: 1H NMR (700 MHz, DMSO-d6) spectra of 4.4b-Cl crystal sample (1) and
4.5a-Cl-NCS crystal sample (2). Residual solvent and H2O peaks omitted for clarity.

The amine proton signals of fully saturated complexes (4.4a and 4.5a) were
observed as a pair of peaks with equivalent integration values, while the remaining 3
amine proton signals belonged to the 3 inequivalent amine protons of the mono-reduced
complexes (4.4b and 4.5b) (Figure 4.13 and 4.14). The ratio of mono-reduced and fully
saturated complex in each sample was the determined by comparing the relative
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integration of each set of peaks. Comparison of the amine proton integrations in the
sample which produced the crystal of 4.4b-Cl revealed a roughly 1:2.5 ratio of fully
saturated (4.4a-Cl) to mono-unsaturated (4.4b-Cl) complex, while the corresponding
pyrene-modified sample contained a 2:1 ratio of fully saturated (4.5a) to monounsaturated (4.5b) complex. The higher relative concentrations of fully saturated or
mono-unsaturated complex in these samples corresponded directly to the structures
observed by diffraction.

b
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Figure 4.13: Zoomed in 1H NMR (700 MHz, DMSO-d6) spectrum of amine proton
signals from the crystal samples of 4.4b-Cl. Peaks labeled a represent the amine protons
of 4.4a-Cl and peaks labeled b represent a pair of amine protons in 4.4b-Cl.
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Figure 4.14: Zoomed in 1H NMR (700 MHz, DMSO-d6) spectrum of amine proton
signals from the crystal samples of 4.5a-Cl-NCS. Peaks labeled a represent the amine
protons of 4.5a and peaks labeled b represent a pair of amine protons in 4.5b.

Characterization of these reduced product mixtures revealed that full conversion
of 4.2 and 4.3 to the fully saturated products was still unsuccessful. To avoid changing
the synthetic route again, two approaches to isolate the fully saturated complexes 4.4a
and 4.5a were considered. Optimization of the reduction procedure to ensure 100%
conversion, or separation of 4.4a and 4.5a from their respective mixtures. Failure of all
previous separation attempts by ion exchange chromatography, column chromatography,
or recrystallization indicated that the chemical differences between the fully saturated and
mono-unsaturated complexes were almost negligible. As a result, achieving full
conversion to 4.4a and 4.5a was considered a better strategy.
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In an attempt to achieve full conversion of 4.3 to 4.5a, LiAlH4 was used in place
of NaBH4 without buffer in a slight excess (4.2 equivalents). The reduced material from
was obtained in a 10% crude yield, however the majority of the products could not be
removed from the resin during purification with Dowex. 1H NMR of this crude material
indicated that many products were present, with approximately 10 weak amine proton
signals among the identifiable peaks. This large number of chemically unique amine
protons indicated that LiAlH4 may be less stereoselective than NaBH4 and was achieving
lower conversion of 4.3 to 4.5a than previous methods. As a result, the use of LiAlH4 and
other stronger hydride reagents was abandoned.
Increasing the stoichiometric equivalents of NaBH4 to 25 (from 15) was tried for
the reduction of both 4.2 and 4.3, under otherwise similar conditions to the previous
reductions which. Analysis of the materials produced by 1H NMR spectroscopy showed
that the additional NaBH4 did not push the reaction towards completion. In addition, the
increased hydride equivalents didn’t significantly increase the relative ratio of fully
saturated complex in these product mixtures compared to previous attempts which used
15 equivalents of NaBH4.
Hydride concentration dependance on the extent of reduction was further
investigated by a short (2 h) reduction of 4.3 using 25 equivalents of NaBH4 in a minimal
amount of MeOH. The shorter reaction duration and absence of a buffer were a
compromise at the expense of hydride longevity to ensure solubility of 4.3 wasn’t a
factor. Relative saturation of the product mixture was determined by amine proton
integration to be a ratio of 1:4 (4.5a to 4.5b) (Figure 4.15). The extent of reduction
observed in this experiment was significantly lower than that observed in the previous
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reductions of 4.3 (averaged 2:1 4.5a to 4.5b). Longevity of the hydride reagent in
solution was therefore a more important factor than concentration for the generation of
fully saturated material.

Figure 4.15: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of
attempted reduction of 4.3 with 25 equivalents of NaBH4 in MeOH. Signals at 6.0 and
6.58 ppm represent the 2 pairs of amines in 4.5a, and signals at 6.37, 6.72 and 6.89 ppm
represent the 3 amines of 4.5b.

Since the reduction was insensitive to the larger equivalents of NaBH4 used
(beyond a threshold of 15 equivalents), we took that as evidence that NaBH4 was likely
decomposing in MeOH and in the methanolic buffer solution at a rate fast enough to
nullify the benefits of additional hydride. To further counteract the degradation of
NaBH4, several reduction experiments of 4.2 and 4.3 were attempted by addition of
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NaBH4 in portions. Portioned reductions were carried out in a methanolic carbonate
buffer (0.21 M, pH 10) and used between 16 – 40 molar equivalents of NaBH4 that was
added initially and at several points throughout the reaction. Initial experiments with 4.2
used 4 × 4 molar equivalent portions of NaBH4 added at 0, 30, 60, and 90 minutes,
followed by stirring the resulting solution overnight at elevated temperatures (50 oC).
Analysis of the crude products showed a mixture of approximately 1:2 (4.4a to 4.4b)
(Figure 4.16).

Figure 4.16: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of
portioned NaBH4 reduction of 4.2. Signals at 5.89 and 6.43 ppm represent the 2 pairs of
amines in 4.4a, and signals at 6.21, 6.35 and 6.74 ppm represent the 3 amines of 4.4b.
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The dependency on the longevity of the hydride reagent (and to a lesser extent its
concentration) to produce fully saturated material indicated that reduction of the 1st and
2nd imine were not equivalent processes and reduction was likely occurring in a stepwise
fashion (Scheme 4.6). Reduction of the first imine appeared to occur quickly, as the
unreduced starting material was not observed in reactions which used an excess of
NaBH4 (at least 15 equivalents) and solutions which contained MeOH. Reduction of the
second imine appeared to be much slower process, which required a high concentration
of hydride and longer reaction times. The difference in reduction rates of the 1st and 2nd
imine was also confirmed by 1H NMR spectroscopic analysis. None of the spectra from
the reductions of 4.2 or 4.3 contained both fully saturated material and unreduced starting
material; the reactions seemingly went to mono-reduced product then slowed way down,
producing only small amounts of fully reduced product.

Scheme 4.6: Observed stepwise reduction route of 4.2 and 4.3. Full conversion to 4.4b
and 4.5b occurred within 2 h, while further reduction to 4.4a and 4.5a occurred only after
no starting material remained.
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To maximize the stability of NaBH4 in the reaction mixture and to increase the
probability that reduction of the 2nd imine occurs, reduction of 4.2 was attempted in unbuffered H2O as the decomposition rate of NaBH4 in water is reportedly slower in water
than in MeOH.132 Complex 4.2 and NaBH4 (15 equivalents) were partially dissolved in
water and stirred until effervescence had visually stopped. Once no visual evidence of
effervescence was observed, 10 additional equivalents of NaBH4 were added to keep the
active hydride concentration reasonably high. This process continued for 6 hours and
required the additional of NaBH4 approximately every hour, up to a total of 65
equivalents of hydride. Analysis of the reduced material by 1H NMR spectroscopy
revealed that the majority product was the mono-reduced complex (4.4b) (Figure 4.17).
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Figure 4.17: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of
aqueous NaBH4 reduction of 4.2. Signals at 5.88 and 6.42 ppm represent the 2 pairs of
amines in 4.4a, and signals at 6.20, 6.34 and 6.73 ppm represent the 3 amines of 4.4b.

Differences in the extent of reduction achieved with 4.2 and 4.3 in MeOH
solutions compared to aqueous solutions was expected due to the increased activity of
NaBH4 in MeOH.129, 133 In MeOH, NaBH4 generates several alkoxyborohydrides
including BH3(OMe)–, which is formed as a short-lived but more strongly reducing
intermediate.129, 133 Based on the products observed, we hypothesize that BH3(OMe)– was
likely responsible for the increased conversion of 4.2 and 4.3 to 4.4a and 4.5a in MeOH.
Addition of catalytic amounts of NaOMe to NaBH4 reduction reactions has been
reported to increase the longevity of the active hydride in MeOH through stabilization of
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the BH3(OMe)– intermediate.129 When 5 mol % NaOMe was added to a reduction of 4.3,
visual inspection of the material isolated following ion exchange chromatography showed
that the mixture of cobalt complexes had not converted to the dichloride upon elution and
concentration in 3 M HCl. In addition, the 1H NMR spectrum of this material gave broad
peaks, and it was clear that the reaction generated multiple reduction products, none of
which could be correlated to the expected signals of 4.5a (Figure 4.18). We suspected
that the OMe– in solution simply ligated the cobalt of 4.3 as an X ligand, as the relative
molar amounts of NaOMe and 4.3 were nearly stoichiometric (0.24 mmol and 0.27
mmol, respectively). Lack of conversion to the dichloride was a result of the inability of
Cl– to displace OMe– at Co. However, proton signals due to the Co-OMe CH3 groups
could not be identified in the spectrum. Generation of the mono-unsaturated 4.5b was
evidence of similar NaBH4 decomposition rates to experiments without NaOMe, which
likely also were a result of ligation of OMe– to Co preventing the stabilization of
BH3(OMe) –.
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Figure 4.18: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of
NaOMe catalyzed NaBH4 reduction of 4.3. Signals at 7.03, 7.66 and 7.73 ppm represent
3 amines of an unknown mono-unsaturated pyrene-modified complex.

Due to the increased conversion of 4.2 and 4.3 to fully saturated products by
NaBH4 reduction in MeOH, and fast decomposition of the hydride in the solvent, several
stepwise reductions of 4.2 were attempted (Scheme 4.7). Generation of 4.4b in these
experiments was achieved by reduction with NaBH4 (10 – 20 equivalents) in carbonate
buffered water after heating overnight (0.21 M, pH 10, 60 oC). Isolation of 4.4b in this
step was predicted based on the results of previous reduction attempts in which further
reduction to the fully saturated complex 4.4a was not observed in the absence of MeOH.
Further reduction of 4.4b to 4.4a was then attempted by the addition of more NaBH4 (10
– 20 equivalents) and MeOH (50% v/v) to increase hydride activity. 1H NMR
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spectroscopy of the reduced products revealed that the major product of these stepwise
reductions was still the mono-reduced complex 4.4b (Figure 4.19). Unfortunately, higher
concentrations of hydride in these reactions had little effect on the relative amount of
4.4a produced.

Scheme 4.7: Attempted stepwise reduction of 4.2.

Complex 4.4b, isolated from the sequential reduction of 4.2 was divided into
several portions and used in a series of additional NaBH4 reduction attempts which used a
large excess of NaBH4 (20 – 25 equivalents) in various solvent systems which included
MeOH, carbonate buffered (0.21 M, pH 10), methanolic carbonate buffer (0.105 M, pH
10) and EtOH (Scheme 4.8). The products of each reduction attempt were purified by ion
exchange chromatography and characterized by 1H NMR spectroscopy to observe the
extent of reduction by amine proton integration. Following characterization, all products
which contained any amount of unsaturation were subjected to additional reduction under
the same conditions, respectively (20 – 25 equivalents of NaBH4 in respective solvent
systems).
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Figure 4.19: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of the
stepwise NaBH4 reduction of 4.2. Signals at 5.91 and 6.42 ppm represent the 2 pairs of
amines in 4.4a, and signals at 6.20, 6.34 and 6.73 ppm represent the 3 amines of 4.4b.

Scheme 4.8: Attempted reductions of 4.4b to 4.4a. Solvents included MeOH, EtOH,
carbonate buffer (0.21 M, pH 10), and methanolic carbonate buffer (0.105 M, pH 10). X
ligand composition and counterion of 4.4b were unknown but believed to be Cl–.

171

The process of 4.4b reduction, isolation and characterization of reduction
products was repeated between 3 – 4 times or until the only observed product was the
4.4a. With the exception of NaBH4 reduction of 4.4b in EtOH, all attempts to isolate 4.4a
resulted in mixtures in these trials. While the relative concentrations of 4.4a to 4.4b in
each mixture increased slightly with each successive reduction, full conversion was never
observed in MeOH, carbonate buffer, or the methanolic carbonate buffer. Successive
reductions of 4.4b in EtOH resulted in the immediate formation of a bright yellow
suspension which turned dark orange overnight.1H NMR spectroscopy of this purified
material showed only the 2 amine proton signals corresponding to 4.4a (Figure 4.20).
Unfortunately, the signal in this spectrum was noisy and due to the small-scale (100 mg
of 4.4b) of the reaction, and further purification of the crude product (approximately 9
mg) was not feasible.
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Figure 4.20: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of the
NaBH4 reduction of 4.4b in EtOH. Signals at 5.88 and 6.41 ppm represent the 2 pairs of
amines in 4.4a.

Additional attempts to sequentially reduce either 4.2, 4.3, or mixtures of reduction
products (4.4a / 4.4b and 4.5a / 4.5b) with NaBH4 in EtOH failed to provide fully
saturated material. The extent of reduction observed was comparable to previous attempts
after 25 equivalents of NaBH4 was added to each mixture. These reactions were
performed 3 – 4, times with purification and characterization steps in between (1:2 for
4.4a/4.4b and 2:1 for 4.5a/4.5b). Formation of a bright yellow precipitate, observed
previously in the most successful reduction attempt of 4.4b, was absent from all but one
reduction of a benzyl complex mixture (4.4a / 4.4b). The identity of this yellow
compound was not discerned, however the extent of reduction observed was again
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relatively high, with an approximate ratio of fully reduced to mono-reduced product at
2:1 (4.4a/4.4b) (Figure 4.21). Ultimately, this and all other reduction attempts from these
experiments still failed to achieve full conversion. As a result, it was determined that
isolation of fully saturated material would have to be achieved by separation of 4.4a and
4.5a from the respective mixtures.

Figure 4.21: Amine proton signals in 1H NMR (700 MHz, DMSO-d6) spectrum of the
NaBH4 reduction of 4.4b in EtOH. Signals at 5.88 and 6.41 ppm represent the 2 pairs of
amines in 4.4a, signals at 6.20, 6.34, and 6.73 ppm represent the 3 amines of 4.4b.
Unlabeled peaks are unknown amine proton signals.

A fractional crystallization method previously reported for the separation of fac
and mer isomers of several cobalt complexes bearing penataamine ligands was used in an
attempt to separate a mixture of 4.4a and 4.4b.134 This mixture started at a product ratio
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of 2:1 (4.4a/4.4b) and fractional crystallization produced several fractions of green
crystalline material. Each fraction was characterized by 1H NMR spectroscopy. The first
fraction was identified as pure 4.4a which was isolated in a 12% yield. Each subsequent
fraction isolated from this mixture contained a mixture of 4.4a and 4.4b.
This method was not fully reproducible. Fractional crystallization of several
mixtures of 4.5a and 4.5b (all approximately 2:1 4.5a to 4.5b) was also attempted (after
isolation of 4.4a was successful), however the isolation of the desired 4.5a was not
achieved. Analysis of the fractions by 1H NMR spectroscopy showed that each was still a
mixture of 4.5a and 4.5b in a ratio unchanged from the original mixture prior to
crystallization. Lack of separation with the pyrene-modified complexes was attributed to
their low solubility in concentrated HCl, which resulted in fast and unselective
precipitation rather than crystallization.
To increase the solubility of 4.5a and 4.5b, fractional crystallization was
attempted in concentrated acetic acid and in methanolic HCl solutions. The increased
solubility of 4.5a and 4.5b in these solutions had no effect on the results of fractional
crystallization. Repeated fractional crystallization attempts resulted in the apparent
degradation of the pyrene-modified complex which was observed by the formation of an
insoluble tan solid. Degradation was not observed in fractional crystallization of the
benzyl-modified material. Due to time constraints, the mixture of 4.5a and 4.5b was
considered acceptable for photocatalysis and no additional attempts to isolate 4.5a were
undertaken.
CV with a mixture of the benzyl-modified complexes (1:2 ratio of 4.4a-Cl to
4.4b-Cl) and a mixture of the pyrene-modified complexes (2:1 ratio of 4.5a-Cl to 4.5b175

Cl) was accomplished under N2 (Figure 4.22 and 4.23). The 4.4a-Cl/4.4b-Cl mixture
showed the CoIII/CoII couple as a quasi-reversible one-electron wave (E1/2 = -0.66 V, vs
Fc/Fc+) and the 4.5a-Cl/4.5b-Cl mixture showed this couple with a similar quasireversible one-electron wave (E1/2 = -0.65 V, vs Fc/Fc+). Both of these half wave
potentials are consistent with the literature for the CoIII/CoII couple of [CoIII(cyclam)]3+
complexes.70

Figure 4.22: Cyclic voltammetry of a 1:2 mixture (1 mM) of 4.4a-Cl and 4.4b-Cl under
N2 in dry MeCN with 0.1 M [NBu4][PF6] supporting electrolyte, at varying scan rates.

The 4.4a-Cl/4.4b-Cl mixture also showed the CoII/CoI couple which was
observed as a quasi-reversible one-electron wave (E1/2 = -2.13 V), however in the 4.5aCl/4.5b-Cl mixture this couple was an irreversible one-electron reduction (Ep = -2.19 V).
Loss of Cl– was observed as a small irreversible wave (Ep = -1.91 V, less than one
electron) with the 4.4a-Cl/4.4b-Cl mixture and was not observed in the 4.5a-Cl/4.5b-Cl
mixture. The shoulder of another reduction wave was observed around -2.4 V in the 4.5a-
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Cl/4.5b-Cl mixture at a scan rate of 50 mV/s, however characterization of this wave
could not be accomplished due to the potential window of the solvent at higher scan rates.

Figure 4.23: Cyclic voltammetry of a 2:1 mixture (1 mM) of 4.5a-Cl and 4.5b-Cl under
N2 in dry MeCN with 0.1 M [NBu4][PF6] supporting electrolyte, at varying scan rates

Ligand oxidation, which was observed as a quasi-reversible one-electron wave
(E1/2 = +0.56 V) with the 4.4a-Cl/4.4b-Cl mixture and as an irreversible one-electron
wave (Ep = +0.37 V) with the 4.5a-Cl/4.5b-Cl mixture, was consistent with the previous
potentials of 4.2 and 4.3. The quasi-reversibility of the CoIII/CoII couple in the 4.5aCl/4.5b-Cl mixture indicated that ligand oxidation did not cause the same decomposition
and loss of the pyrene moiety which was observed with 4.3. Which supported the idea
that reduction of the imines to amines prevents this decomposition of the complex.
Comparison of the cyclic voltammograms of 3.5ox-BF4 with the benzyl-modified
complexes (4.2 and 4.4a-Cl/4.4b-Cl), and with the pyrene-modified complexes (4.3 and
4.5a-Cl/4.5b-Cl) are shown below (Figure 4.24 and 4.25). With the benzyl-modified

177

complexes 4.2 and 4.4a-Cl/4.4b-Cl, the quasi-reversible CoIII/CoII and CoII/CoI couples
were not significantly shifted from the unmodified 3.5ox-BF4. The quasi-reversible
ligand oxidation wave (E1/2 = +0.15 V, vs Fc/Fc+) of 4.2 shifted by about +0.40 V and
became less reversible in 4.4a-Cl/4.4b-Cl (E1/2 = +0.56 V). Which indicated that
oxidation of the ligand likely involves the diimine moiety.

Figure 4.24: Stacked cyclic voltammetry of 4.2 (1 mM, top), 3.5ox-BF4 (1 mM, middle)
a 1:2 mixture of 4.4a-Cl and 4.4b-Cl (1 mM, bottom) under N2 in dry MeCN with 0.1 M
[NBu4][PF6] supporting electrolyte at a scan rate of 50 mV/s. 4.2 scan is offset by +35 μA
and 4.4a-Cl/4.4b-Cl scan is offset by -40 μA.

With the 4.5a-Cl/4.5b-Cl mixture, the quasi-reversible CoIII/CoII couple was not
significantly shifted from 3.5ox-BF4 and was irreversible in 4.3. The quasi-reversible
CoII/CoI couple of 3.5ox-BF4 was less reversible in 4.3 and was completely irreversible
in the 4.5a-Cl/4.5b-Cl mixture, which indicated reduction to Co(I) caused an increasingly
irreversible chemical transformation after pyrene functionalization and subsequent imine
reduction. The irreversible ligand oxidation wave of 4.5a-Cl/4.5b-Cl mixture was shifted
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about +0.10 V from 4.3 and was smaller than the analogous shift observed between the
ligand oxidation potentials of 4.2 and the 4.4a-Cl/4.4b-Cl mixture. Ligand oxidation
occurred at a less positive potential with the pyrene modification than with the benzyl
modification, however oxidation of the ligand in the 4.5a-Cl/4.5b-Cl mixture did not
appear to significantly affect the reversibility of the CoIII/CoII couple as it did in 4.3. Loss
of an X– ligand, which was observed in both 3.5ox-BF4 (Cl–) and 4.3 (NCS–), was not
observed in the 4.5a-Cl/4.5b-Cl mixture.

Figure 4.25: Stacked cyclic voltammetry of 4.3 (1 mM, top), 3.5ox-BF4 (1 mM, middle)
a 2:1 mixture of 4.5a-Cl and 4.5b-Cl (1 mM, bottom) under N2 in dry MeCN with 0.1 M
[NBu4][PF6] supporting electrolyte at a scan rate 100 mv/s. 4.3 scan is offset by +75 μA
and 4.5a-Cl/4.5b-Cl scan is offset by -90 μA.
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4.1.3. Photochemistry of Pyrene-modified and Benzyl-modified Complexes
Initial photocatalytic CO2 reduction experiments used materials which were later
determined to be mixtures of the fully saturated and mono-unsaturated pyrene-modified
(2:1 4.5a/4.5b) and benzyl-modified (1:2 4.4a/ 4.4b) complexes. Photocatalysis of these
mixtures was accomplished using a Xe lamp solar light simulator with p-terphenyl and
C3N4 for 4 h. These conditions failed to produce CO in catalytic amounts and the TONs
in each experiment were 0 or less than one (Table 4.1). TONs in heterogeneous
experiments were calculated using the initial concentration of catalyst prior to
centrifugation and washing the solid material which resulted in these values being
underestimated due to the low catalyst loading after washing the PS. Photocatalysis on
C3N4 was conducted without the air mass (AM) 1.5 global (G) filter in an attempt to
increase catalytic activity but this had little to no effect on the catalytic turnover. No H2
production was observed in these experiments.
Table 4.1: Xe lamp photocatalysis results for the mixtures (4.5a/4.5b) and (4.4a/4.4b). a)
TONCO calculated based on initial concentration of catalyst prior to washing C3N4.
PS

TONCO @ 4 h

TONCO @ 24 h

4.5a/4.5b

p-terphenyl
C3N4
none

0.000 ± 0.000
0.027 ± 0.003a
0.007 ± 0.002

0.069 ± 0.025
0.111 ± 0.011

4.4a/4.4b

p-terphenyl
C3N4
none

0.000 ± 0.000
0.009 ± 0.008a
0.006 ± 0.005

0.033 ± 0.012
0.008 ± 0.005

The duration of photocatalysis was extended to 24 h in several experiments for
both mixtures (4.5a/4.5b and 4.4a/4.4b) to observe if CO2 reduction would continue, as
several experiments only had measurable CO after 4 h. Extended duration experiments
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were done with and without the addition of p-terphenyl. For both the pyrene-modified
(4.5a/4.5b) and benzyl-modified (4.4a/4.4b) experiments with p-terphenyl, CO2 reduction
remained uncatalytic after 24 h with TONs of 0.069 ± 0.025 and 0.033 ± 0.012,
respectively. In the absence of p-terphenyl, the benzyl-modified complex mixture
(4.4a/4.4b) produced less CO compared to experiments which used the PS and after 24 h
the TON (0.008 ± 0.005) also showed no significant increase from TON measured at 4 h
(0.006 ± 0.005). The TON achieved by the pyrene-modified complex mixture (4.5a/4.5b)
in the absence of p-terphenyl was higher after 24 h (0.111 ± 0.011) than the experiments
which used the PS. Photocatalysis using the pyrene-modified complex mixture without pterphenyl was extended for additional 24 h and after 48 h the TON had increased in a
relatively linear fashion to 0.298 ± 0.047 with no observable plateau (Figure 4.26).

Figure 4.26: Photocatalysis results with the pyrene mixture (4.5a/4.5b) (1 μmol), 4 mL
MeCN:TEOA(v:v = 4:1), 20 min CO2 purge, Xe lamp with AM 1.5G filter, 100 mw/cm2.

There were observable trends in the TONs from these experiments based on the
PS used and the aryl modification of the catalysts. Photocatalysis experiments with the
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pyrene complex mixture (4.5a/4.5b) produced more CO than the corresponding benzyl
complex mixture (4.4a/4.4b). Whether this increase in TON resulted from the difference
in aryl modification, or from the difference in relative concentration of the monounsaturated and fully saturated complexes in each mixture is unknown. However, based
on the increased disparity between the TON of the pyrene and benzyl mixtures in the
absence of a photosensitizer it was hypothesized that the pyrene moiety was contributing
to the higher TON observed in the pyrene complex mixture (4.5a/4.5b). In this case,
pyrene likely acted as a weak PS, which lead to the corresponding increase in CO2
reduction.
The non-catalytic TONs for CO2 reduction observed in initial photocatalytic
experiments with both mixtures, were compared to photocatalysis experiments that used
the diimine pyrene-modified complex 4.3 and p-terphenyl as a PS.§ These experiments
showed TONs for CO2 reduction of up to 50, however photocatalysis was accomplished
using a Hg lamp as the light source (Figure 4.27). A significant difference in catalytic
activity based on the light source was not predicted, as the power of both lamps was
intentionally set at 100 MWcm-2.

§

Photocatalysis experiments using 4.3 were carried out by Dr. Huang.
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Figure 4.27: Photocatalysis results with 4.3 (1 μmol), w/ and w/o p-terphenyl (2 μmol), 4
mL MeCN:TEOA(v:v = 4:1), 20 min CO2 purge, Hg lamp with water filter, 100 mw/cm2.
Plot generated by Dr. Huang.

To elucidate the difference between lamps, the spectra of emitted light from both
the Xe and Hg lamps was analyzed using an Ocean Optics spectrometer. The spectrum
observed by the Hg lamp was compared to four spectra generated by the Xe lamp under
the following conditions: at a power setting of 92.5 with an AM 1.5G filter, at a power
setting of 100 with an AM 1.5G filter, at a power setting of 92.5 without a filter, and at a
power setting of 100 without a filter (Figure 4.28). Light in the UV range (up to 400 nm)
accounted for approximately 40% of the total light emitted from the Hg lamp, occurring
in two small bands (centered at 295 and 305 nm) and two larger bands (315 and 365 nm).
While only ~10% of light emitted from the Xe lamp was in the UV range, there was no
emission below 340 nm.
Based on the absorbance of p-terphenyl (230 – 320 nm, λmax = 275 nm), it was
determined that the increased TONs observed when using the Hg lamp resulted from a
greater degree of excitation of the photosensitizer by the lower wavelength bands emitted
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from the Hg lamp.135 Lack of photocatalytic CO2 reduction observed when using the Xe
lamp was therefore likely due to inability of the lamp to effectively excite p-terphenyl.
Absorbance of light from the Xe lamp by the pyrene moiety of the complexes 4.5a and
4.5b was also minimal based on the absorbance the complexes, however the highest
wavelengths of light absorbed by both 4.5a and 4.5b (345 nm) does overlap with the
lamp output somewhat.134 This overlap likely resulted in the higher TONs observed in
photocatalysis of the pyrene mixture (4.5a/4.5b) compared to the benzyl mixture
(4.4a/4.4b) using the Xe lamp.

Figure 4.28: Emission spectra from lamps used for photocatalysis. Y-axis = absolute
spectral irradiance (μW/cm2), X-axis = wavelength (nm). Xe lamp emission spectra
truncated for clarity.
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Further photocatalysis experiments were accomplished using the Hg lamp with
both the fully saturated benzyl complex 4.4a-Cl and the 2:1 mixture of the pyrenemodified complexes (4.5a/4.5b) (Table 4.2). For both 4.4a-Cl and the mixture
(4.5a/4.5b), a greatly increased TON was observed after 4 h with p-terphenyl, compared
to previous experiments with the Xe lamp. The observed increase in TON was attributed
to increased electron transfer to the catalysts by p-terphenyl upon excitation. While the
TONs produced by the benzyl complex (4.4a-Cl) and the pyrene complex mixture
(4.5a/4.5b) were similar using the Hg lamp, 4.4a-Cl produced more CO on average and
with lower variation between samples than the pyrene mixture (4.5a/4.5b). Again, No H2
was generated. Photocatalytic activity in these experiments with p-terphenyl showed that
both 4.4a-Cl and the mixture of 4.5a and 4.5b were highly selective for CO2 reduction.
Table 4.2: Hg lamp Photocatalysis results for 4.4a-Cl the mixture (4.5a/4.5b). a) TONCO
calculated based on initial concentration of catalyst prior to washing C3N4.
4.5a/4.5b

4.4a-Cl

PS

TONCO @ 4 h

p-terphenyl

27.48 ± 3.627

C3N4

0.073 ± 0.013a

none

0.257

p-terphenyl

28.95 ± 1.779

C3N4

0.024 ± 0.011a

none

0.003

Change in the relative CO production between 4.4a-Cl and 4.5a/4.5b in
experiments that used the Hg lamp vs the Xe lamp was possibly due to the presence of
some unsaturated complex (4.5b) in the pyrene complex mixture (4.5a/4.5b). Reactivity
of 4.5b in this mixture likely caused a decreased catalyst concentration over time as a
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result of degradation during photocatalysis. Degradation was observed for all unsaturated
pyrene complexes during the synthesis of the 4.3 and 4.5a/b and is believed to occur by
loss of the pyrene moiety [3.1.3 & 4.1.2].
When C3N4 was used as a heterogeneous PS in combination with the Hg lamp,
both 4.4a-Cl and the mixture (4.5a/4.5b) produced non-catalytic amounts of CO with
TONs of 0.024 ± 0.011 and 0.073 ± 0.013, respectively (Table 4.2). These values are
underestimated due to low catalyst loading after washing the solid material prior to
photocatalysis, as the TONs were calculated with the known initial catalyst
concentrations. Differences between the catalytic turnover with these two complexes was
not negligible and deemed to be a result of a change in interaction of the aryl ring with
C3N4 material. In addition, the higher TONs observed with the pyrene mixture
(4.5a/4.5b) were also attributed to the self-sensitization by pyrene as discussed
previously.
Heterogeneous photocatalysis with both catalyst mixtures (4.5a/4.5b and
4.4a/4.4b) on C3N4 was also accomplished without washing the solid material to account
for the low anchoring affinity and previously underestimated TONs (Table 4.3).
Photocatalysis under these conditions also produced non-catalytic TONs for both catalyst
mixtures, with TONs for CO2 reduction of 0.481 ± 0.076 for the pyrene mixture
(4.5a/4.5b) and 0.076 ± 0.026 for the benzyl mixture (4.4a/4.4b). Both catalyst mixtures
were also used with 10 mg of C3N4 (previous experiments used 2 mg) to ensure
photocatalysis was not limited by the amount of PS, however this lowered the TON for
the pyrene mixture (4.5a/4.5b) (TON of 0.310) and did not significantly increase the
TON with the benzyl mixture (4.4a/4.4b) (TON of 0.104).
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Table 4.3: Heterogeneous Hg lamp photocatalysis results for the mixtures (4.5a/4.5b)
and (4.4a/4.4b) anchored to C3N4 without washing the solid material.
PS

TONCO @ 4 h

4.5a/4.5b (2 μmol)

C3N4 (2 mg)
C3N4 (10 mg)

0.481 ± 0.076
0.310

4.4a/4.4b (2 μmol)

C3N4 (2 mg)
C3N4 (10 mg)

0.076 ± 0.026
0.104

Photocatalytic activity on C3N4 without washing the solid material confirmed that
the previous TONs for CO2 reduction obtained after washing the solid PS were
underestimated, but not significantly. In these unwashed experiments, the pyrene mixture
(4.5a/4.5b) produced 6 times more CO than the benzyl mixture (4.4a/4.4b) which
resulted from a combination of the increased anchoring affinity and self-sensitization of
the pyrene moiety compared to the benzyl. These TONs obtained on C3N4, while noncatalytic, showed the expected significant difference in activity between the pyrene and
benzyl modifications.
Failure to achieve catalytic turnover with either catalysts anchored to C3N4 was
likely caused by one or more of the following: the anchoring of each catalyst to C3N4 was
insufficiently strong which limited electron transfer to the catalysts, light from the Hg
lamp was unable to efficiently excite C3N4 creating charge carriers necessary for catalytic
turnover and/or C3N4 did not have a band gap alignment for efficient electron transfer to
the catalyst(s). In all of these cases, photocatalysis in the absence of a photosensitizer
should have produced non-catalytic TONs similar to experiments performed with C3N4,
which control experiments confirmed (Table 4.1 and 4.2). The ability of C3N4 to absorb
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light from the Hg lamp was confirmed by previous reports using the same lamp and
material.69
Based on the comparison to control experiments and the known ability of C3N4 to
absorb light from the Hg lamp, the primary cause of low CO conversion on C3N4 was
likely the combination of poor anchoring affinity and the inability of the PS to transfer
electrons to the catalysts. The higher TONs produced in photocatalysis samples prepared
without washing C3N4 and the visual observation of 4.4a-Cl, 4.5a, and 4.5b in the
decanted solutions obtained from washing C3N4 during sample preparation showed that
the anchoring affinity of both catalysts was low. Reduction potentials of the pyrenemodified (4.5a/4.5b) and benzyl-modified (4.4a/4.4b) mixtures obtained by CV showed
that the potentials for the CoII/CoI reduction required to generate the catalytically active
species were -2.19 V and -2.13 V (vs Fc/Fc+), respectively. Compared to the conduction
band edge of C3N4 (< -2.0 V, vs NHE at pH 1), electron transfer from the PS to either
catalyst was unlikely. A more strongly reducing PS was therefore required to achieve
catalytic TONs. Due to time constraints, no optimization was carried out.

4.2 Conclusions
The first synthetic strategy for the modification of CoIII(–1)dieno-(NCS)2 (3.6NCS) has been reported here.122 Using this strategy, the addition of both benzyl- and 1methyl pyrenyl- functionalization was accomplished by overnight reaction with the
corresponding aryl methyl bromides. Isolation of the modified Co-cyclam complexes (4.2
and 4.3) was achieved without requiring lengthy purification steps, as reformation of the
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diimines caused these complexes to become salts thus they precipitated out of the acetone
solution.
NaBH4 reduction to the corresponding saturated complexes 4.4a and 4.5a was
carried out with two different strategies. Firstly, a literature procedure was optimized by
using various borohydride reagents, concentrations, buffers, durations, solvents, and
sequential reductions in an attempt to achieve full conversion to the saturated cyclam
products. This strategy was employed due to the similarities between the mono- and
doubly reduced products and the difficulty to separate the resulting mixtures
chromatographically. The second strategy to obtain reduced complexes 4.4a and 4.5a was
to accept that both mono- and doubly reduced products were going to form and to instead
focus on the separation and isolation of the desired saturated complex from the mixture.
A combination of both procedural optimization and purification strategies led to isolation
of the fully saturated benzyl-modified complex 4.4a-Cl by fractional crystallization from
a concentrated HCl solution. This technique was not successful with the pyrene-modified
complex however, and this complex could only be isolated as a mixture of the fully
saturated 4.5a-Cl and mono-imine complex (4.5b-Cl).
Photocatalytic testing of the benzyl-modified complex (4.4a-Cl) and the pyrenemodified complex mixture (4.5a-Cl and 4.5b-Cl) for light-driven CO2 reduction in a
homogeneous system (with p-terphenyl as a PS) and in hybrid systems (non-covalently
anchored to C3N4) was accomplished using simulated solar light and Hg lamp irradiation.
In the homogeneous system using the Hg lamp, both catalysts successfully produced CO
selectively, with TON of ~30 after 4 h. The benzyl-modified complex was slightly more
active than the pyrene-modified complex under these conditions. While the difference in
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photocatalytic activity of the fully saturated and mono-unsaturated pyrenyl complexes
was observed to be negligible, the increased propensity for the mono-unsaturated
complex to degrade is thought to be responsible for a lower relative catalyst
concentration and a decrease in activity.
When anchored to C3N4, catalytic TONs for CO were not observed with either
complex, which resulted from both the inability of C3N4 to reduce the catalysts to the
catalytically active Co(I) species and from the weak non-covalent anchoring interactions
between benzene or pyrene and C3N4. The latter is not surprising as π – π stacking
intermolecular forces tend to be on the order of ~10 kJ/mol which is likely not sufficient
for true anchoring but rather more resembles a weak interaction that may assist in the
higher relative activity that was observed for the pyrene-modified complex mixture.136
When using simulated solar light TONs for CO production were very low which we
attributed to insufficient light absorption in the visible region by the PSs, C3N4 and pterphenyl. Under all conditions in the absence of a PS however, the pyrene-modified
complex mixture was observed to produce a non-insignificant amount of CO. Absorption
by the pyrene moiety itself in the 4.5a-Cl/4.5b-Cl mixture was believed to be responsible
for this higher activity, which indicated a small degree of self-sensitization by the pyrene
moiety.
Despite the overall low activity of the benzyl-modified (4.4a-Cl) and pyrenemodified (4.5a-Cl/4.5b-Cl) catalysts in hybrid photocatalysis, the difference in activity
between these catalysts in heterogeneous systems was significant and observable. Pyrene
functionalization of the [CoIII(cyclamimine)]3+ complex produced upwards of 6 times
more CO compared to benzyl functionalization. This increased activity demonstrated the
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significance of the linker/anchor in hybrid photocatalytic systems and provides a baseline
for future efforts to investigate the effect of linkers and anchors in the design of
[CoIII(cyclamimine)]3+ hybrid photocatalysts.

4.3 Experimental
4.3.1. Materials and Instrumentation
Solvents and reagents were deaerated with bubbling N2 for 1 h and dried using 3
Å molecular sieves for at least 24 h prior to use, when required. All other reagents were
used as purchased without further purification. NMR experiments were carried out on
either a Varian mercury 400 MHz, or a 500 or 700 MHz Bruker instrument at 298 K and
analyzed using MestReNova software. 1H and 13C NMR data recorded in CDCl3 and
DMSO-d6 used residual solvent as standard CHCl3 (1H δ 7.26, 13C δ 77.16) and DMSO
(1H δ 2.50, 13C δ 39.52) respectively. Elemental analysis was completed by Atlantic
Microlabs in Norcross, GA. IR spectroscopy was carried out using a Thermo Nicolet
iS10 FTIR and data was analyzed using the OMNIC 8 software. X-ray crystallography
was performed by Dr. Diane Dickie at the University of Virginia. DFT calculations were
completed using Spartan Parallel Suite ’18, optimized at the B3LYP functional level with
the 6-31+G* basis set.
Cyclic voltammetry was carried out using a BASi EmStat3+ potentiostat and BASi
electrodes and performed under a continuous N2 stream in an electrochemical cell with
0.1 M [NBu4][PF6] supporting electrolyte in 3Å molecular sieve-dried MeCN, using a 3
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mm glassy carbon working electrode, Pt wire counter electrode, and 0.1 M AgNO3
pseudo-reference electrode with ferrocene added as an internal reference.

4.3.2. Photocatalysis
Photocatalytic activity of the all complexes and complex mixtures was
accomplished in triplicate, with and without the use of an added photo sensitizer in the
form of p-terphenyl or C3N4. In homogeneous experiments, the cobalt complex (1 µmol)
and p-terphenyl (2 µmol, if added) were combined in a 7.9 mL photocatalytic vial with 4
mL of a 4:1 v/v MeCN:TEOA solution. The photocatalytic vials were then sealed, and
the solutions were purged with CO2 in the dark for 20 minutes. For heterogeneous
experiments, a solution containing the cobalt complex (5 µmol) and solid C3N4 (10 mg)
were combined in MeCN. The resulting suspension was stirred overnight in the dark. The
suspension was centrifuged, solid material was decanted, resuspended in MeCN, and
centrifuged and decanted again to wash the surface of C3N4 of unbound cobalt complex.
The solid materials were isolated by decanted, suspended in 20 mL of 4:1 v/v
MeCN:TEOA solution and divided into 4 mL portions in 7.9 mL photocatalytic vials.
The photocatalytic vials were then sealed, and the suspensions were purged with CO2 in
the dark for 20 minutes.
Photocatalysis samples were irradiated for 4 hours with either a Xe lamp with a
water filter and with or without an AM 1.5G filter, or with a Hg lamp equipped with a
water filter. Both lamps were set to provide a power of 100 MWcm-2. Headspace gas was
analyzed every hour by GC using an SRI model 8610C dual injector gas chromatograph
with an 18’ HAYESEP-D column and a 3’ MS 5Å column, with simultaneous detection
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using FID and TCD detectors. The GC was programmed to hold 50 ºC for 1 minute, ramp
to 90 ºC for 2 minutes, then hold at 90 ºC for 2 minutes. H2 was analyzed on the TCD
detector, and CO was analyzed simultaneously on the FID detector. Quantification of gas
evolution was accomplished using calibration curves for H2 (y = 3.0339 × 108 x with R2 =
0.9998) and CO (y = 1.2507 × 1011 x with R2 = 0.9964) which were obtained by preparing
standard samples with known volumes of H2 (AirGas, 99.999%) or CO (AirGas, 99.9%).
Standard samples were prepared by purging 250 mL bottles containing a cap with septum
with N2 (AirGas, 99.999%). A gas tight syringe was then used to remove N2 (0.00100,
0.00250, 0.00625, 0.01000, 0.02500 L) and an equal volume of H2 (or CO) to the bottle.
100 μL samples from the bottle were analyzed using gas chromatography (7-8 injections
were performed per bottle). The ideal gas law was used to calculate the concentration of
H2 (or CO) in each 250 mL bottle. Using this concentration, the number of moles of gas
injected could be determined. Linear regression, with the y-intercept set to 0, was used to
fit the data and to generate equations relating the moles of H2 injected (or moles of CO
injected) to observed peak area. The relationships used below were taken from the
calibration curves for moles gas/peak area (PA) for H2 (3.0339 × 108 PA mol–1) and CO
(1.2508 × 1011 PA mol–1). Any change in pressure in the system was assumed to be
negligible.

The following equations were used to determine the total moles of gas produced
in the photocatalytic vials, where Vheadspace is the volume of the headspace in the
photocatalytic vial and Vinjected is the volumes of gas injected into the GC:
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H2:
𝑛=

Vheadspace
Peak Area (PA)
∗
(
)
3.0339 𝑥 108 PA mol−1
Vinjected

𝑛 =

Peak Area (PA)
0.0039 L
)
∗ (
8
−1
3.0339 𝑥 10 PA mol
100 𝑥 10−6 𝐿

CO:
𝑛=

Vheadspace
Peak Area (PA)
∗
(
)
1.20507 𝑥 1011 PA mol−1
Vinjected

𝑛 =

Peak Area (PA)
0.0039 L
)
∗ (
11
−1
1.20507 𝑥 10 PA mol
100 𝑥 10−6 𝐿

Each experiment was run in triplicate and gas chromatography of each experiment was
measured independently. The error associated with the average gas production of the
samples was found using the following equation:
∑𝑛𝑖(𝑥𝑖 − 𝑥̅ )2
𝜎 = √
𝑛 − 1
𝑛

194

4.3.3. Experimental Procedures

[CoIII(Me2[14]-1,4-diene-N4-3-(1-bromo-4-methybenzyl)Cl2]Br (4.1)
Cobalt complex (3.5ox-BF4) (0.200 g, 0.440 mmol) was dissolved in DI H2O (40
mL) and brought to boiling before it was deaerated by bubbling N2 for 1 h. A second
deaerated solution of K2CO3 (0.182 g, 1.32 mmol) and p-bromobenzyl bromide (0.109 g,
0.44 mmol) in 1:1 DI H2O: acetone (10 mL) was deaerated before it was added to the
complex solution and the mixture was refluxed for 2 h. Once cooled to room temperature
HCl (conc. 1 mL) was added to the solution dropwise and the solution was then poured
into an Erlenmeyer flask with a side arm charged with HCl (conc. 10 mL) and HBF4
(conc. 5 mL). The solution was then aerated by bubbling air for 1h before being filtered
over a medium frit. The resulting dark green crystals were washed with IPA (3 × 5 mL)
and rinsed with acetone. The filtrate was collected, and solvents were removed in vacuo.
Yield 0.060 g (22%). 1H NMR (400 MHz, DMSO-d6) δ 1.75 (q, 1H, CH2, J = 13.5 Hz),
2.00 (m, 1H, CH2), 2.22 (s, 6H, CH3), 2.43 (m, 2H, CH2), 2.70 (q, 2H, CH2, J = 12.0 Hz),
2.91 (m, 2H), 3.30 (m, 2H, CH2), 3.71 (q, 2H, CH2, J = 10.0 Hz), 4.01 (m, 2H, CH2), 4.94
(t, 1H, CH, J = 7.8 Hz), 6.51 (m, 2H, NH), 7.29 (d, 2H, Ar-H, J = 7.8 Hz), 7.55 (d, 2H,
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Ar-H, J = 8.2 Hz). 13C NMR (100 MHz, DMSO-d6) δ 24.9, 27.7, 30.9, 38.6, 48.2, 54.1,
55.1, 62.4, 120.9, 132.1, 137.1, 180.9.

[CoIII(Me2[14]-1,4-diene-N4-3-(2-methylpyrenyl)(NCS)2]Br (4.3)
Cobalt complex 3.6-NCS (0.407 g, 1.02 mmol) and bromomethyl pyrene (0.318
g, 1.08 mmol) were added to a 100 mL Schlenk flask which was charged with dry,
deaerated acetone (40 mL). The solution was stirred at room temperature for 5 m then
heated to 60 oC and stirred overnight. The resulting suspension was chilled in an ice bath,
filtered, and washed with IPA, Et2O and CHCl3 (3 × 5 mL each). The filtered solid was
collected and dried under vacuum overnight and yielded a dark red powder. Yield 0.438 g
(61%). 1H NMR (700 MHz, DMSO-d6) δ 1.86 (m, 1H, CH2), 2.13 (s, 6H, CH3), 2.23 (m,
1H, CH2), 2.47 (m, 2H, CH2), 2.74 (m, 2H, CH2), 3.20 (m, 2H, CH2), 3.49 (m, 2H, CH2),
3.96 (d, 2H, CH2, J = 8 Hz,), 4.12 (m, 2H, CH2), 5.33 (t, 1H, CH, J = 8 Hz), 6.97 (m,
2H, NH), 8.39-8.12 (m, 9H, Ar-H), 13C NMR (176 MHz, DMSO-d6) δ 23.9, 26.5, 30.1,
35.0, 48.6, 54.1, 54.4, 62.0, 121.9, 123.3, 123.4, 125.8, 124.9, 125.1, 125.9, 126.8, 126.9,
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127.7, 127.9, 128.4, 129.6, 129.7, 129.8, 130.3, 181.9. UV−vis data (λmax, nm; MeCN):
245, ε (M-1m-1): 3.27x106.

[CoIII(Me2[14]-1,4-diene-N4-3-benzyl)(NCS)2]Br (4.2)
Cobalt complex 3.6-NCS (0.872 g, 2.90 mmol) was added to a 250 mL Schlenk
flask which was then charged with dry, deaerated ethanol (100 mL). benzyl bromide
(0.393 g, 2.3 mmol) was added via syringe and the solution which was stirred for 5 m
then heated to 78 oC for 4 h. The solution was cooled in an ice bath to precipitate the
product which was filtered and washed with ethanol and diethyl ether (3 × 20 mL each).
The dark red solid was collected and dried under vacuum overnight. Yield 0.502 g (40%).
1

H NMR (700 MHz, DMSO-d6) δ 1.80 (m, 1H, CH2), 2.15 (m, 1H, CH2), 2.30 (s, 6H,

CH3), 2.36 (m, 2H, CH2), 2.67 (m, 2H, CH2), 2.74 (m, 2H, CH2), 3.13 (m, 2H, CH2), 3.15
(d, 2H, CH2, J = 7.7 Hz), 3.46 (m, 2H, CH2), 4.18 (m, 2H, CH2), 5.07 (t, 1H, CH, J = 7.7
Hz), 6.88 (m, 2H, NH), 7.43-7.33 (m, 5H, Ar-H). 13C NMR (176 MHz, DMSO-d6) δ
23.8, 26.4, 38.0, 48.6, 53.9, 54.2, 61.9, 126.8, 128.2, 128.8, 135.9, 181.6. UV−vis data
(λmax, nm; MeCN): 340, ε (M-1m-1): 5.29x105.
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[CoIII(Me2[14]N4-3-(2-methylpyrenyl)Cl2]Cl / [CoIII(Me2[14]4-ene-N4-3-(2methylpyrenyl)Cl2]Cl mixture (4.5a-Cl / 4.5b-Cl)
Cobalt complex 4.3 (0.372 g, 0.53 mmol) was added to a 250 mL Schlenk flask
and charged with a deaerated 0.218 M sodium carbonate buffer solution (40 mL, pH 10).
The solution was heated to 50 oC and stirred, then deaerated MeOH was added via
syringe until a majority of the cobalt complex was dissolved (40 mL). Solid NaBH4
(0.303 g, 7.99 mmol) was added to the solution under a stream of N2 and the solution was
stirred at 60 oC overnight. The resulting suspension was loaded onto Na+ form ion
exchange resin (Dowex 50WX2 200-400 mesh, 2 × 8 cm), washed with 300 mL of 0.218
M sodium carbonate buffer solution and with 300 mL water then eluted with a 3 M
HCl/MeOH solution (~1 L). After drying in vacuo at no more than 40 oC, the crude
product (346 mg) was purified via chromatography on silica (15% MeOH in DCM). The
major fraction was purified again by flash column (20% MeOH in DCM). The collected
product was a mixture of the mono-reduced 4.5b and fully saturated complexes 4.5a
Yield 0.045 g (14%). 1H NMR (700 MHz, DMSO-d6) δ 1.26 (d, 6H, CH3, J = 6.8 Hz),
1.86 (m, 1H, CH2), 2.06 (m, 1H, CH2), 2.37 (m, 2H, CH2), 2.64 (m, 2H, CH2), 2.69 (m,
2H, CH2), 2.85 (m, 2H, CH2), 2.91 (m, 2H, CH2), 2.92 (m, 2H, CH2), 2.98 (m, 1H, CH),
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3.38 (m, 2H, CH), 3.65 (d, 2H, CH2, J = 5.8 Hz), 5.94 (m, 2H, NH), 6.55 (m, 2H, NH),
8.01-8.52 (m, 9H, Ar-H). 13C NMR (176 MHz, DMSO-d6) δ 17.80, 25.53, 27.79, 48.73,
50.35, 53.57, 58.73, 123.76, 125.45, 125.46, 125.69, 126.77, 127.24, 127.36, 127.91,
128.69, 129.80, 130.78, 131.44, 135.66. Anal. Calcd for C30H39Cl6CoN4 (complex
mixture with one equivalent of CHCl3): C, 49.54; H, 5.41; N, 7.70 Found: C 49.57, H
5.93, N 7.85. UV−vis data (λmax, nm; MeCN): 245, ε (M-1m-1): 5.56x106.

[Co(III)(Me2[14]-N4-6-benzyl)C2]Cl (4.4a-Cl)
Cobalt complex 4.2 (1.138 g, 1.99 mmol) was added to a 250 mL Schlenk flask
and charged with deaerated 0.218 M sodium carbonate buffer solution (50 mL, pH 10).
Solid NaBH4 (1.55 g, 39.9 mmol) was added to the solution under a stream of N2 and the
solution was heated to 60 oC and stirred overnight. The resulting suspension was loaded
onto Na+ form ion exchange resin (Dowex 50WX2 200-400 mesh, 2 × 10 cm), washed
with 0.218 M sodium carbonate buffer solution (300 mL) and with DI H2O (300 mL)
before the crude product was eluted with a 3 M HCl/MeOH solution (~1.5 L). The crude
product was purified by flash column (20% MeOH in DCM). 1H NMR analysis showed
the resulting material was a mixture of mono-reduced 4.4b and fully saturated 4.4a
complexes. The mixed material (102 mg, 0.211 mmol) was added to a 100 mL Schlenk
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flask and charged with deaerated EtOH (25 mL). Solid NaBH4 (0.120 g, 3.17 mmol) was
added to the solution under a stream of N2 and the solution was heated to 50 oC and
stirred overnight. The resulting suspension was loaded onto Na+ form ion exchange resin
(Dowex 50WX2 200-400 mesh, 2 × 5 cm), washed with 0.218 M sodium carbonate
buffer solution (50 mL) and with DI H2O (300 mL) before it was eluted with a 3 M
HCl/MeOH solution (~600 mL). Fractional crystallization of the resulting mixture using
6 M HCl in an 80 oC steam bath was carried out and gave the fully saturated material
4.4a-Cl. Yield 0.013 g (1%). 1H NMR (700 MHz, DMSO-d6) δ 1.57 (d, 6H, CH3, J = 6.8
Hz), 1.86 (m, 1H, CH2), 2.06 (m, 1H, CH2), 2.37 (m, 2H, CH2), 2.64 (m, 2H, CH2), 2.69
(m, 2H, CH2), 2.85 (m, 2H, CH2), 2.91 (m, 2H, CH2), 2.92 (m, 2H, CH2), 2.98 (m, 1H,
CH), 2.93 (m, 2H, CH), 3.59 (m, 2H, CH), 6.21 (m, 2H, NH), 6.34 (m, 2H, NH), 7.187.38 (m, 5H, Ar-H). Anal Calcd for C41H71Cl15Co2N8 (a 2:3 ratio of complex to CHCl3):
C, 37.15; H, 5.40; N, 8.45. Found: C, 37.37; H, 5.35; N, 8.70. UV−vis data (λmax, nm;
MeCN): 260, ε (M-1m-1): 2.30x106.

200

4.3.4. Experimental Spectra

Figure 4.29: UV-vis absorption spectrum of 4.2 in MeCN.

Figure 4.30: UV-vis absorption spectrum of 4.3 in MeCN.
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Figure 4.31: UV-vis absorption spectrum of 4.4a-Cl and 4.4b-Cl in MeCN.

Figure 4.32: UV-vis absorption spectrum of 4.5a-Cl and 4.5b-Cl in MeCN.
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Figure 4.33: 1H NMR (400 MHz, DMSO-d6) spectrum of 4.1.
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Figure 4.34: 13C NMR (100 MHz, DMSO-d6) spectrum of 4.1.
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Figure 4.35: 1H NMR (700 MHz, DMSO-d6) spectrum of 4.3.
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Figure 4.36: 13C NMR (176 MHz, DMSO-d6) spectrum of 4.3.
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Figure 4.37: 1H NMR (700 MHz, DMSO-d6) spectrum of 4.2.
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Figure 4.38: 13C NMR (176 MHz, DMSO-d6) spectrum of 4.2.
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Figure 4.39: 1H NMR (700 MHz, DMSO-d6) spectrum of 4.5a-Cl and 4.5b-Cl mixture
(2:1 ratio).
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Figure 4.40: 13C NMR (176 MHz, DMSO-d6) spectrum of 4.5a-Cl and 4.5b-Cl mixture
(2:1 ratio).
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Figure 4.41: 1H NMR (700 MHz, DMOS-d6) spectrum of 4.4b-Cl.

4.3.5. Crystallographic Data Tables

Table 4.4: Crystallographic data table for 4.5a-NCS and 4.5a-Cl.

Empirical formula

C29.97H39Cl2.68CoN4.57O0.17S0.57

Formula weight

638.57

Temperature/K

100.(2)

Crystal system

monoclinic

Space group

P21/c

a/Å

12.1115(5)

211

b/Å

17.3895(6)

c/Å

14.0217(5)

α/°

90

β/°

94.688(3)

γ/°

90

Volume/Å3

2943.27(19)

Z

4

ρcalcg/cm3

1.441

μ/mm‑1

7.413

F(000)

1336.0

Crystal size/mm3

0.136 × 0.096 × 0.049

Radiation

CuKα (λ = 1.54178)

2Θ range for data collection/°

7.32 to 136.66

Index ranges

-14 ≤ h ≤ 13, -20 ≤ k ≤ 20, -16 ≤ l ≤ 15

Reflections collected

32217

Independent reflections

5390 [Rint = 0.1072, Rsigma = 0.0694]

Data/restraints/parameters

5390/2867/831

Goodness-of-fit on F2

1.056

Final R indexes [I>=2σ (I)]

R1 = 0.0749, wR2 = 0.1872

Final R indexes [all data]

R1 = 0.1151, wR2 = 0.2222

Largest diff. peak/hole / e Å-3

0.66/-0.56

Table 4.5: Crystallographic data table for 4.2-OH.

Empirical formula

C21H33BrCoN4O2S2

Formula weight

603.48

Temperature/K

100.(2)

Crystal system

monoclinic

Space group

P21/n

212

a/Å

14.7879(9)

b/Å

10.0180(6)

c/Å

18.1571(14)

α/°

90

β/°

103.487(6)

γ/°

90

Volume/Å3

2615.7(3)

Z

4

ρcalcg/cm3

1.532

μ/mm‑1

8.670

F(000)

1240.0

Crystal size/mm3

0.051 × 0.040 × 0.040

Radiation

CuKα (λ = 1.54178)

2Θ range for data collection/°

6.96 to 136.86

Index ranges

-17 ≤ h ≤ 17, -11 ≤ k ≤ 12, -21 ≤ l ≤ 21

Reflections collected

23224

Independent reflections

4774 [Rint = 0.1642, Rsigma = 0.1139]

Data/restraints/parameters

4774/0/304

Goodness-of-fit on F2

0.978

Final R indexes [I>=2σ (I)]

R1 = 0.0756, wR2 = 0.1806

Final R indexes [all data]

R1 = 0.1351, wR2 = 0.2185

Largest diff. peak/hole / e Å-3

0.77/-0.79

Table 4.6 Crystallographic data table for 4.4b-Cl.

Empirical formula

C20H33Cl6CoN4

Formula weight

601.13

Temperature/K

100.(2)

Crystal system

triclinic

Space group

P-1
213

a/Å

12.7912(12)

b/Å

13.1255(13)

c/Å

13.6135(13)

α/°

66.137(3)

β/°

64.68(2)

γ/°

67.199(3)

Volume/Å3

1824.8(3)

Z

2

ρcalcg/cm3

1.094

μ/mm‑1

0.921

F(000)

620.0

Crystal size/mm3

0.320 × 0.241 × 0.129

Radiation

MoKα (λ = 0.71073)

2Θ range for data collection/°

3.46 to 56.78

Index ranges

-17 ≤ h ≤ 17, -17 ≤ k ≤ 17, -16 ≤ l ≤ 18

Reflections collected

445908

Independent reflections

9126 [Rint = 0.0703, Rsigma = 0.0581]

Data/restraints/parameters

9126/0/331

Goodness-of-fit on F2

1.071

Final R indexes [I>=2σ (I)]

R1 = 0.0568, wR2 = 0.1524

Final R indexes [all data]

R1 = 0.952, wR2 = 0.1742

Largest diff. peak/hole / e Å-3

3.55/-0.84
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Chapter V. Conclusions and Future Outlooks
The cyclam-like ligand cyclamimine has been investigated for the purposes of
facile and efficient C-position modification for the generation of C-functionalized
cobalt(III) molecular catalysts. The development of a facile method for modification of
[CoIII(cyclamimine)(NCS)2]+ by deprotonation to CoIII(–1)dieno-(NCS)2 and subsequent
nucleophilic substitution will allow for the attachment of various linker functionalities
with variable lengths, flexibilities, and bend angles. It is now possible to efficiently create
and test a series of these modified molecular catalysts for the photocatalytic reduction of
CO2. Using heterogeneous PSs with known chemistry and these molecular catalysts
which vary only by their linker modification, the results of photocatalysis in this series
can then be used to investigate the beneficial properties of the linker in hybrid
photocatalytic systems. Rational design of each component in hybrid photocatalytic
systems can then be used in future endeavors for effective CO2 reduction and the
generation of solar fuels.
Initial investigations and attempts to generate C-functionalized cyclams by
modification of the synthetic strategy towards the cyclam core using protection and
deprotection steps proved tedious and this strategy was ultimately too inefficient. We
found that cyclization of the protected 2,3,2-tetraamine using small functionalized
biselectrophiles could be achieved but led to cyclam ligands which could not be modified
further due to lack of a functional handle. Attempting to produce cyclams using larger
biselectrophile functionalities or those with a functional handle was extremely ineffective
under the same conditions. Direct C-modification using a modified cyclam synthetic
strategy was ultimately abandoned.
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Alternative synthetic routes which involved a metal templating route were then
investigated. Initial one pot syntheses using formaldehyde condensation of M(en)2
complexes followed by nitromethane substitution failed to generate the desired cyclam
complexes. Investigation of this route however led to the discovery of a new cyclam-like
ligand which could be generated through a similar metal templated mechanism using
2,3,2-tetraamine coordinated cobalt(II) salts and acac. This condensation gave access to
the aforementioned [CoIII(cyclamimine)]3+ which, upon deprotonation, could undergo CC bond formation by nucleophilic substitution with electrophilic alkyl bromides at the
desired C-position. X-ligand exchange to the stronger field ligand NCS– was used to
stabilize the deprotonated product CoIII(–1)dieno-(NCS)2 making it less susceptible to
oxidative degradation by interaction with advantageous or ambient oxygen and moisture.
Prior to this work, generation of (-1)dieno complexes had only been achieved
with nickel(II) and has only been reported once with cobalt(III). Further, use of CoIII(–
1)dieno-(NCS)2 had not been previously reported, which was likely due to the difficulties
encountered during deprotonation of the complex. We have described here the first use of
CoIII(–1)dieno-(NCS)2 by modification with both benzyl and pyrenyl functionalities, and
the first generation of C-functionalized cyclamimine complexes not using nickel as a
template and thus do not require nickel demetallation.
Reduction of the benzyl and pyrenyl C-functionalized [CoIII(cyclamimine)]3+
complexes was investigated for the first time and the synthetic procedures were
optimized to achieve full conversion to the saturated complexes. These procedures led to
the generation of mixtures containing both fully saturated and mono-unsaturated material
which were in high relative ratios of the desired saturated product. The use of buffered
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aqueous solutions containing protic organic solvents, specifically EtOH, were found to
provide access to the highest levels the desired fully saturated reduction products.
Additional reduction of the mixtures in unbuffered EtOH did increase the amount of fully
saturated complex though did not allow full conversion.
Separation of the mixed reduction products was not possible using
chromatography due to the structural similarities between the fully saturated and monounsaturated complexes. Fractional recrystallization from concentrated acid media was
successful in isolating the fully saturated benzyl-modified complex [CoIII(Me2[14]-N4-6benzyl)C2]Cl, however the same procedure did not allow isolation of the more
hydrophobic pyrene-modified complex [CoIII(Me2[14]-N4-6-pyrenyl)C2]Cl. Further
optimization of this fractional crystallization procedure is still possible and with tuning,
the ability to isolate more hydrophobic fully saturated products is a possibility.
Photocatalytic studies of these molecular Co-catalysts revealed very similar
activity under homogeneous conditions, where the difference in appended linker
modification did not impact catalytic turnover. This result was not surprising, since
homogeneous catalytic electron transfer between a soluble PS and the molecular catalyst
would not be expected to be influenced by a pendant aryl group. While activity of both
catalysts under hybrid conditions non-covalently anchored to C3N4 was low, significant
differences with the different linker-anchor systems could be observed. Pyrene
modification of the molecular catalyst resulted in a 6 times higher conversion of CO2 to
CO compared to benzyl modification under these heterogeneous conditions.
With the catalysts non-covalently bound to the surface of C3N4, these higher
TONs with the pyrene linker could be reasonably attributed to an increased electron
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transfer rate from PS to catalyst. This increase in electron transfer resulted from the
stronger π – π interactions between pyrene and C3N4 compared the benzyl linker which
held the catalyst near the surface of the solid phase material. Control experiments with
the pyrene-modified catalyst in the absence of PS showed that CO production was also
significantly higher than benzyl-modified catalyst. The ability of the pyrene-modified
complex to produce a non-trivial amount of CO demonstrated the rare ability of a
molecular catalysts to be self-sensitizing.
Additional investigation of the photocatalytic activity of these modified catalysts
is required. An alternative heterogeneous PS is required which is capable producing
excited electrons of sufficient reducing strength as to generate the catalytically active
Co(I) species reliably. While previous data suggests C3N4 has appropriately aligned band
edges and driving force to carry out electron transfer to [CoIII(cyclam)]3+, analysis of both
catalysts by cyclic voltammetry revealed that the material was not capable of reducing
the catalysts generated here from Co(II) to Co(I). With a sufficiently reducing PS, a
greater difference in the activity of pyrene-modified and benzyl-modified catalysts can be
observed and more minute differences between the linkers can be assessed.
Further efforts to modify [CoIII(cyclamimine)]3+ are required for the generation of
a series of complexes that will allow the testing of linker effects in hybrid photocatalytic
systems. These modifications should ideally incorporate increasingly long alkyl spacers
between the catalyst and anchor to assess the effects of linker length, rigid spacers such
as conjugated alkenes of several lengths to assess the effects of linker rigidity, and bent
spacers such as meta- substituted aryl rings to assess the effect of linkers which produce
specific geometries. With the information gained from these linker investigations,
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rational design of linkers in hybrid photocatalytic systems can then be achieved. Use of
such linkers designed specifically for efficient electron transfer can then be used to
achieve effective CO2 reduction processes and further the fields of hybrid photocatalysis,
CO2 reduction, and solar fuels research. This will help scientist reach the goal of
obtaining an industrially useful process for the resolution or reversal of global climate
change, the energy crisis, or both.
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Summary of Work for Nonscientific Audience

Global climate change has been a topic of concern for a while now. So far, the
average yearly temperature of any given point on the earth has increased by 1 oC (~ 2 oF)
since the early 1900’s. While that may seem insignificant, the affect it has had and will
continue to have is enormous in terms of damage to the environment, economic impacts
and most importantly lives. If not dealt with quickly this number could increase to 1.5 oC
by as early as 2030, which has been deemed the “point of no return” by leading scientists
in the field. At that point the damages will become more severe, and the damage already
sustained will become irreversible. We haven’t reached this point however, and scientist
around the world are researching ways to not only stop this temperature increase, but to
reverse it.
To prevent the increase in temperature, carbon dioxide (CO2) levels in the
atmosphere need to be lowered by removing it. This gaseous molecule is the #1 culprit of
climate change because of its ability to act as a greenhouse gas, or in other words, it can
absorb heat from the sun and hold onto it. This heat then stays in our atmosphere when
normally it would be reflected back out into space or simply not be absorbed. Removing
CO2 is extremely difficult however because the molecule is very stable and removing it
requires breaking the molecule apart. Think of CO2 like a rock, it’s hard to break, there is
a bunch of it everywhere, and while we can break rocks and use their pieces for many
things, it takes a lot of effort. If we could efficiently break apart CO2, we could not only
remove it from the atmosphere, but we could similarly use its pieces to make useful
things like chemicals and even carbon-based fuels like methanol or ethanol.
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Breaking CO2 involves giving the molecule an extra electron in a process known
as reduction, once it has the extra electron (is reduced) it is no longer stable and can be
broken. Similar to driving a wedge into a large boulder, once the wedge is hammered in,
the boulder will crack open. Just like driving a wedge into a rock however, reducing CO2
takes a lot of energy. Chemists, like stone masons, have tools which can make this
process easier. For masons it might be something like a gas-powered rock splitter. For a
chemist this tool is known as a catalyst, and just like the rock splitter needs gasoline, the
catalyst needs a power source, and the power source of choice is sunlight because of its
abundance and sustainability.
When sunlight is shown on a catalyst it can absorb that energy and use it to
perform a chemical reaction, in this case reducing CO2. This type of catalyst is known as
a photocatalyst. Most catalysts can’t absorb sunlight directly however and need to be
connected to a light absorbing adapter known as a photosensitizer. These catalystphotosensitizer systems are known as hybrid photocatalysts and the linker that connects
them is similar to a power cable connecting an electrical device to a power outlet. Much
like a power cable, the composition of the linker in hybrid photocatalytic systems is
important. Features of the linker like its flexibility, its overall length, or if it’s designed
with a specific shape can help or hinder the transfer of energy to the catalyst. The features
that are helpful or unhelpful aren’t well known however and figuring out how to make
the best linker will help chemists design better hybrid photocatalysts in the future.
Investigating what makes the best linkers involves three things, a catalyst which
has been well studied so its ability to perform CO2 reduction is known, a photosensitizer
which is similarly well studied so its ability to power the catalyst is understood, and
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multiple linkers with different features which can connect the two. With these three
things, it is possible to make a series of hybrid photocatalysts that differ only in the
linker. Testing each hybrid photocatalyst can then tell us which linkers, and subsequently
which features of their design, were better and which were worse based on how well they
performed CO2 reduction.
The catalyst we chose to test was the cobalt cyclam and the photosensitizer was
carbon nitride. The specifics of each aren’t tremendously important, but they were chosen
because they are well studied, and both are made of elements which are abundant on
earth (carbon, nitrogen, hydrogen, and cobalt). Many catalysts currently in use are made
of rarer elements like platinum, ruthenium, or palladium. While these metals are often
very good at what they do, they are expensive, and their use is unsustainable.
To make a series of hybrid photocatalysts with cobalt cyclams we needed to find a
way to connect them to a linker easily. This can be done a couple ways, but most of the
currently known methods would attach the linker too close to the cobalt which can
change the properties of the catalyst and introduce unwanted variables. Attaching the
linker farther away from cobalt solves this issue, but current methods to do this
connection are very slow and wasteful. These methods force us to make a whole new
catalyst with the linker already attached, so for every different linker we want to test we’d
need to start back at the beginning. Ideally, we want a system where we can make a large
amount of the catalysts and then simply attach different linkers to it. No methods to do
this currently exist.
Here we describe a new method to connect a linker to the catalyst which is fast
and efficient with a type of cyclam adjacent catalyst which we have named the
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“cyclamimine”. This cyclamimine can be made in bulk and modified with a linker using
simple chemistry. With this method we generated two new cobalt cyclamimine catalysts
with a large and a small linker, chemically manipulated them so they could be tested, and
used them in hybrid photocatalysis to reduce CO2. While these new catalysts weren’t the
best at reducing CO2, the small and large linkers we put on them did make a difference in
their performance which proved the validity of the process. This new method now makes
it possible to tests different linkers efficiently and find the features which make the best
linkers. Using these features in the design of future hybrid photocatalysts will make CO2
reduction easier and hopefully lead to a process which can solve global climate change
before it’s too late.
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